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Introduction

This research project was carried out during the
period January 1, 1980 to December 31, 1981. The aim
has been to answer a number of questions regarding the
performance of high current, ﬁigh speed electrical con-
tacts. Renewed interest in such contacts is related in
part to the requirements of novel devices like homopolar
machines, in part to the fealization that if current
densities of sliding contacts can be increased, then
overall machine size and weight can be reduced.

Compatibility effects of graphite sliding against noble
metals

The first problem investigated dealt with the question
of compatibility. Earlier work (1,2) using silver-graphite
brushes (Ag 50, graphite 50) indicated that the wear was low
when the ring metal was incompatible against carbon, but not
when the ring material was incompatible against silver. 1In
tests carried out during the first year of the project, two
other brush materials were used, namely pure graphite and
silver-graphite (Ag 75, graphite 25).

It was found that when graphite brushes were used, wear
was low when the ring metal has low compatibility against
carbon, not otherwise. This, by the way, constitutes perhaps
the first clear-cut demonstration that compatibility effects
exist in sliding systems involving non-metals; previous

studies of compatibility have used pairs of metals (3-8).
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When the silver-graphite brushes were used, the wear

was determined by the compatibility of both silver and
carbon against the ring material. This work is described
in detail in appendix A.

Temperature rise of current-carrying sliding contacts

The second study was a determination of the maximum
speed and current density that could be carried at a brush-
cylinder interface before a heavy wear regime was encountered.
A theoretical model suggested, surprisingly, that higher
sliding speeds could give lower interfacial temperatures
and thus lower wear rates, and experimental tests confirmed
this prediction. This work has been published, and is shown
as appendix B.

Measurement of the interfacial temperature of sliding contacts

The third investigation dealt with more detailed con-
sideration of the temperatures existing at sliding interfaces
transmitting high electrical currents. A new experimental
method for studying such temperatures was devised. It con-
sisted of rapidly switching off the high current at the brush-
ring interface, measuring the intrinsic thermoelectric voltage
at the interface as it decayed away, and then extrapolating
back to the time of switching to determine the interface tem-
perature which existed while the current was being transmitted.

This research is described in detail in appendix C.




Discussion

It will be seen that the research carried out
under this contract, combined with the work carried out
in prior years, provides a firm basis for incorporating
compatibility effects into the selection of slip-ring
materials. However, further work in the temperature
modelling study will be needed, to refine the model so
as to make it possible to incorporate theoretical con-
siderations into the selection of speeds and current
densities which will allow sliding contacts to operate

with minimal wear.
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TRIBOLOGICAL PROPERTIES OF HIGH SPEED SLIP RING SYSTEMS

by
Zinovi Rozenfeld

Submitted to the Department of Mechanical Engineering on May 16, 1980 in
partial fulfiliment of the requirements for the Degree of Master of Science
in Mechanical Engineering.

ABSTRACT

A series of tests have been performed to study wear, friction and elec-
trical contact resistance of pure graphite and silver graphite (75% w/o Ag)
electrical brushes, sliding against copper, nickel, cobalt and noble metals
(silver, gold, iridium, palladium, platinum, rhenium, rhodium and ruthenium.
The tests were performed at sliding speeds of 4 m/sec ad 8 m/sec. The test
atmospheres were: dry ambient winter air, wet CO2, or air with 1-Bromo-
Peg;ane vapors. The current for the experiment was 50 A per brush (160 A/
cm

Tne results from the tests showed a high positive correlation between

the wear of the siip rings and the compatibility of the slip ring metal

. against the brush material. In the case of silver graphite brushes, both

(;117 constituents were involved for in the compatibility relationship. There is
a negative correlation between the wear and the friction of the slip rings.
Increased current level increases wear, while changing the sliding speed
does not significantly change wear. The silver graphite brushes showed iess
wear and less contact resistance than the pure graphite brushes by a factor
of four. The noble metals usually performed better than the oxide forming
metals.

- Thesis Supervisor: Or. Ernest Rabinowicz
o . Title: Professor of Mechanical Engineering
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I. INTROOUCTION

Recently much interest has been directed toward brush systems which
can operate under high current densities and high sliding speeds. Some of
the interest is due to the realization that decreasing the brush size and
increasing the speeds would lead to smaller, more compact motors and
generators. Another use for high current density brushes is in homopolar
generators, which are cyclic motor-generators used for repetitive pulsed
power applications. Homopolar machines usually run at speeds in excess of
200 m/sec with pulses of 30 ms carrying 12 MA or more. The proper brush
operation plays a significant role in the efficiency of these machines].

Some of the current collecting techniques proposed for high speed, high
current applications include liquid meta]s?, multi-segmented fiber brushes,
and graphite or metal graphite brushes., Liquid metals that have been
proposed for high current operations include mercury and mercury-indium
alloys, a gallium-indium eutectic alloy, and a sodium-potassium eutectic
alloy. However there are many difficulties involved in using liquid metals,
including their toxicity their metal compatibility, and their reactivity
with potential machine environments. The basic problem with fiber brushes
is their poor wear and friction characteristics in dry air environments.
Solid monolithic brushes have been extensively studied and several
conclusions have been reached regarding their performance, incliuding their
ability to follow the unevenness of the commutator surface, low friction
characteristics, and high electrical conductivity. The solid brushes are

the subject of investigation of this paper.
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1.1 CRITERIA FOR A SUCCESSFUL BRUSH

The main purpose of slip ring systems is to transfer currents from a
stationary brush to a rotating slip ring, or vice versa. In order to
achieve high levels of performance, certain requirements have to be met.
These include:

a. low wear

b. Tlow friction

c. low contact resistance

d. the ability to absorb, without damage, high current pulses or

mechanical loads

e. chemical inertness

f. high electrical conductivity

g. the ability to withstand different environments

During specific operations some of these characteristics are more
important than others. However low wear is important in almost all
applications, especially where minimal or no maintenance is required or
when the down time of a machine must be minimized. High friction and high
contact resistance produce excessive mechanical and electrical power

losses, which are to be avoided during all operations.

1.2 THE SCOPE OF THE RESEARCH

Most of the research done on graphite brushes under high speed and
high current conditions was performed on copper or copper-plated surfaces
1,3,4 and in a few instances steel and nickel surfaces were useds. Ouring

sliding in most atmospheres an oxide film develops on the metal surfaces.
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This film is generally insulating or at best semi-conducting. It is also
abrasive when disturbed, thus reducing the brush life and increasing the
contact resistance. Noble metals form very little or no oxide films, so
they serve as potential candidates for high speed, high current slip ring
systems. The noble metals are ruthenium, rhodium, palladium, silver,
rhenium, osmium, iridium, platinum, and gold. They occupy adjacent
positions in two rows of the periodic table of the elements as shown in
Figure 1.1. They share a number of physical and mechanical properties.
These metals are characterized by chemical inertness, particularly low or
no oxidation, high densities, high melting temperatures, high mechanical
strengths, high thermal conductivities, and high electrical conductivities.
In order to study how the absence of oxides would influence the brush
performance, all the noble metals except osmium, which was unavailable in
an extended surface form, were chosen for this investigation.

Ohmae and Rabinowiczs, in a study of the tribological properties of
noble metals, concluded that the friction and wear behavior of these
metals s1iding against each other are governed largely by two metallurgical
considerations:

a. Metallurgically compatible combinations (a high degree of solid
solubility, one 1iquid phase when molten give high friction and
wear, while metallurgically incompatible combinations (very
little solid solubility, two 1iquid phases) give low friction and
wear. Combinations which are intermediate (forming just one
liquid phase, but exhibiting low solid solubility) give intermed-

jate friction and wear behavior.
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b. Combinations in which at least one of the surfaces has a hexagonal

structure (i.e. ruthenium, rhenium, osmium and cobalt) give low
wear irrespective of the compatibility of the sliding system.

Rabinowicz7 in a similar study of non-noble metals obtained the same
results. However the statistical scatter in friction and wear was higher
than with noble metals due to the complications which arise due to oxide
layers.

To further investigate the effect of compatibility and crystal
structure on friction and wear behavior, the noble metals tests were
supplemented with tests on copper, nickel and cobalt. The compatibility
chart for those metals and that of carbon is shown in Figure 1.2. The

chart is based on the binary phase diagram58'11.

5

In an earlier research by Johnson and Moberly~ it was concluded that

addition of metal powders to the graphite brushes significantly decreases
the voltage drop across the cﬁntact without a large increase in wear or
friction. In order to study the effect of metal content on the brush
performance, two different types of brushes have been used in this experi-
ment: (a) pure graphite brushes and (b) silver graphite brushes
containing 75% by weight silver and 25% graphite.

12

In another study by Savage = it was shown that in order for graphite

to behave as a solid lubricant a critical minimum level of humidity has to

13,14,15

be reached. Furthermore many investigators found that by running

the slip rings in a carbon dioxide environment the friction and wear can

25

be kept to a minimum. Savage and Schafer™~ showed that some condensible

organic vapors can be used instead of water vapors and at much lower
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humidity levels.

The tests in this investigation were run under three different atmo-
spheric conditions in order to determine the effect of the atmosphere on
the tribological properties of slip rings. These atmospheres are:

a) ambient, dry winter air, b) humidified carbon dioxide, and c¢) dry air
with 1-bromo-pentane vapors. The effect of speed was studied By running
the tests at 4 m/sec and 8m/sec. The effect of current density was

studied by performing tests at 160 A/cm2 current density and at no current,
In addition a set of tests was performed using a silver graphite brush and

an jridium flat at different current levels.

1.3 REVIEW OF CHAPTERS

gif

This chapter serves as a general introduction to the thesis report.
The second chapter will review the theories of friction, wear and contact
resistance, and in addition will discuss the different parameters that
influence brush performance. The apparatus, the procedure, and the
materials used in the tests will be covered in thF third chapter. Chapter
four will present the results of the tests. The detailed discussion of the
results will follow in chapter five. The summary of conclusions will appear
in chapter six and finally recommendations for further research are

contained in chapter seven.




II. WEAR, FRICTION AND CONTACT RESISTANCE OF SLIP RINGS

The actual processes which occur at the brush and slip ring interface
are not clearly understood. Many investigators present different explana-
tions as to the nature of the wear, friction and electrical contact
resistance at the sliding interface. However, the magnitude of these para-
meters can reflect the actual processes and provide some insight as to the
nature of the processes. This chapter will provide the basic theories of
wear, friction and contact resistance for graphite and metal graphite
brushes. After the theories, the different parameters influencing brush
performance will be examined. These parameters include the compatibility
and the molecular structure of the sliding pair, the speed of sliding, the

‘uiiﬁ atmospheric conditions, the current density, the presence of surface films
formed at the interface, the composition of the brush, and finally the

mechanics of the sliding system.

2.1 THE WEAR MECHANISM

The wear process proceeds by removal of small particles from the
sliding surfaces. The particle size is in the order of 10'4 cm under
conditions of very high wear rates16, but it is usually smaller under normal

wear conditions}7.

Three different wear mechanisms were proposed for the
wear process: abrasive wear, surface fatigue wear, and adhesive wear.

The abrasive wear mechanism requires the presence of a hard rough
surface or hard abrasive particles at the sliding interface. However in
sliding electrical contacts the commutator surface is usually polished, so

the abrasion must be due to formation of hard oxide particles or other hard
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J compounds. Aluminum is a bad slip ring surface, because aluminum oxide
}‘.

9 . particles are very hard and cause abrasion of the brush]g. Noble metals,

on the other hand, do not form oxides or other chemical compounds at any
significant amount, thus abrasion is absent.
The surface fatigue wear process is a result of a succession of
repeated elastic stresses over the localized regions of true contact]g.
Adhesive wear is due to pulling of fragments off one surface to adhere

to another20

, eventually resulting in a loose particle.

It is possible that all three forms of wear are present under some
s1iding conditions. However, for a noble metal substrate, the adhesive
wear mechanism is likely to be the dominant form of wear. The adhesive wear

process is discussed in more detail in the following sub-section.

2.1.1 MECHANISM OF ADHESIVE WEAR. Adhesive wear arises from the strong

adhesive forces between atoms. In sliding the surfaces have a finite
roughness, which means that the actual area of contact will be only a
fraction of the apparent area of contact. At the points of actual contact
the stresses will be very high, forcing the individual atoms to come close
togethgr and building up the interatomic forces. These forces can be due
to formation of metallic bonds, Van der Wall forces, or hydrogen bonds.
During sliding there is a finite probability that the contact will break at
an interface other than the original, thus forming a transferred particle.
This process can occur in both the hard and the soft material, due to the
presence of small local regions of low strength. The transferred particle

can be transferred back to the original material or it may be detached
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1 forming a loose wear particle. The ratio of the rates of wear for two
materials is inversely proportional to the ratio of the square of the pene-

tration hardnesses of two materia1s7. This means that a softer brush will

wear more r¢; idly than the harder slip ring.
The amount of adhesive wear can be given by the Archard's wear

equation2]:

where k is a non-dimensional constant (the wear coefficient), L is the
normal load, x is the distance of sliding, and p is the penetration hard-
ness of the material being worn. The formula applies for a single contact
or multiple contacts.

K is the probability, that, at a contact, the adhesive forces will be
large enough to tear out a wear particle. Provided that k is independent
of the load and the hardness, which are present in the equation, it is
mainly influenced by R, the ratio of the interfacial surface energy of
adhesion to the sum of the surface energies of the two materials in

contact7:

Wab
YatYh

R =

The depend:ncy is close to k « RZ. Values of k vary from about 10~

10

2

to 10'7 or less The small values of k mean that the formation of a

wear particle is an unlikely phenomenon, and during most of the contact

between the asperities of the two sliding materials no damage is producedzz.

]
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The particles produced are of a finite size and not single atoms or
molecu]eszo. Later in this chapter the parameters influencing the adhesive

wear will be discussed.

2.2 THE FRICTION MECHANISM

The friction coefficient is the ratio of the normal force to the tan-
gential force in a s1iding contact. The tangential force arises from the

shear forces needed to break the junction created between the two sliding

materiaISZB. Thus the friction process is very similar to the process of

adhesive wear. The friction coefficient can be expressed simply by20

f =

oln

where f is the friction coefficient, s is the shear strength of the weaker
material and p is the hardness of the softer material. However, the
equation must be modified by ratio of the work of adhesion to the hardness
E%Q, in order to give more accurate results. High !%E ratios result in
high friction coefficients. Friction is independent of the apparent area
of contact, but is directly proportional to the real area of contact.

The friction process involving graphite is further complicated by the
solid lubrication phenomena. Graphite has a layered structure, which

results in solid lubrication. The friction of graphite is discussed in

the following sub-section.

2.2.1 FRICTION OF GRAPHITE. A large portion of graphite brushes consist of

-]
carbon black particles, about 200 A in diameter which have an "“onion-like'

structure with graphic layers oriented parallel to the surface24. The
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distance between atoms inside the layers is much smaller than the distances
between two layers, resulting in high interatomic forces within the layers,

but weak forces between them. Ouring sliding platelets of graphite detach

from the graphite brush and are deposited parallel to the slip ring surface.

This creates low friction coefficients.
However the process is largely dependent on the presence of moisture

12,25,26

or organic vapors in the atmosphere as will be discussed later in

this chapter.

2.3 CONTACT RESISTANCE

The contact resistance between two surfaces can be given by the

following equation27:

Rr = Re *Rg *+Re

where R. is the total contact resistance, RC is the constriction resistance

T
at the brush rotor interface, and RB {s the bulk resistance of the brush,
and RF is the film resistance. There are two basic theories of resistance

18, and the "thermal mound“27

at a contact: resistance due to fritting
phenomenon.

The fritting process can be described as follows. Initially an
insulating film of oxides or sulfides separates the two surfaces. When a
voltage is applied a voltage gradient exists across the film. In a few
places, where the film is thinner or the film is more conductive, a little
current is conducted by tunne]ingls. The current is sufficient to heat a
very small region of the film and the adjacent metal. The film break

down is believed to be by the injection of electrons into the film by the




]8. The cohesion of the .film is diminished as the result of

Zener effect
heating and some molten metal is attracted into the channel forming a small
conducting column. These metal to metal contacts are called a-spots, and
the fritting process is called A-fritting. The column may increase in size
into a larger conducting spot. The #ncrease of the area of the contact is
called B-fritting.

There are probably five to twenty]6 separate, simultaneously conducting
a-spots at any one time. The resistance due to the current flow being
channeled through these conducting spots is called the constriction resis-

tance, and it can be expressed by]8:

0.4(pg*ng)
"o * (n Ap)'/
T

where Py and pg are the resistivities of the brush and the slip ring
respectively, n is the number of contact spots and AT is the area of mech-
anical contact. The area of contact can be given by]sz

AT=';.—p
where L is the applied normal force, p is the brush indentation hardness and
£ a constant approximately equal to 1/3 for a graphite brush.

The film resistance Rf can be given by]8:

°F
RF = I?
where Pe is the film resistivity.

The expression for Rc was obtained by assuming circular contacts and

a large separation and can be modified for other geometrieszz’zs.
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At high current leveis (> 1000 A per brush) the thermal mound phenom-
enon occurs3. 'The thermal mound phenomenon can be explained as fol1ow527.
At sufficiently large current levels the rate of heat input into the brush
is great enough to cause the brush material to expand at a rate greater
than the material is worn away, causing a "thermal mound". If the brush is
free to move in a direction normal to sliding, but is restricted from
tilting or the ability to realign itself on the slip ring surface, the for-
mation of the mound will 1ift the remainder of the brush off the surface,
thus making of the mound the sole conducting spot. The mound will continue
to carry current until it is worn flat and a new thermal mound will form on
a different part of the brush. Meanwhile the "o1d" mound will cease to
carry current and the brush material behind will cool and shrink leaving a
shallow hollow in its place. The process is repeated and multiple dark
spots will be seen on the face of the brush. This process is macroscopic
in scale, and at a microscopic scale the conduction still proceeds by

fritting.

2.4 PARAMETERS INFLUENCING BRUSH PERFORMANCE

Wear, friction and contact resistance are influenced to a large degree
by the conditions of sliding. Some of the parameters which influence the

brush performance are discussed in this section.

2.4.1 EFFECT OF COMPATIBILITY. Rabinowicz7 suggests that the wear coef-

ficient k, and the friction coefficient f are both proportional to the square

of the interfacial surface energy of adhesion wab’ which can be given

bysz
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W = © (rg * gl
where s and Y, are the surface energies of the two materials a and b, and
c is a constant. The constant ¢ depends on the compatibility of the two
materials. A compatible pair is evidenced by high mutual solubility or the
formation of intermetallic compounds. For a highly compatible pair of
material ¢ has a high value of 0.5 and ¢ is about 1 for an identical pair.
An incompatible pair is one in which the materials are insoluble, and form
two liquid phases when molten. For an incompatible pair ¢ is usually 0.125.

A high value of wab, which represents a compatible pair of materials,
gives rise to higher wear and friction. A low value of wab’ which repre-
sents an incompatible pair of materials, will produce low wear and friction.

Based on the binary phase diagrams, a compatibility rating diagram can
be obtained. Such a diagram is shown in Figure 1.2. This diagram contains
the materials studied in this experiment. An open circle in the diagram
represents an identical combination. An open circle with a dot in the
center represents a metallurgically compatible combination. A black circle
represents an incompatible pair, while the partially colored circles
represent different degrees of partial compatibility, the lighter the
circle, the more compatible is the combination. The compatihility ratings,
particularly those involving carbon, iridium and rhenium are based on very
limited metallurgical data, and could be changed later, should better
information be available.

In experiments performed by Ohmae and Rabinowiczs, the effect of com-

patibility of metals on their wear and friction have been studied. The
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1 materials used in the experiments were all noble metals. The authors
concluded, that both the wear and the friction are significantly lower for

an incompatible combination of metals. For example the wear coefficients
4

for a silver pin sliding on a silver disk were 7.0 x 10" for both the pin
and the disk, and the friction coefficient was 0.72. On the other hand for
a silver pin riding on a rhenium disk, which is an incompatible combination,

4 and 0.31 x 10”4 for the pin and the

the wear coefficients were 0.38 x 10~
disk respectively, and the friction coefficient was 0.36. In another inves-
tigation by Rabinowicz7, the same general trend is observed for other metals,
with the wear coefficient proportional to the fifth power of the friction
coefficient.

Rabinowicz and Chan2g

performed pin on disk experiments using silver
graphite brushes (50% w/o) at 25 A current per brush. They concluded, that
for these brushes the compatibility of the slip ring metals against graphite
is more important than the compatibility against silver. The wear coef-
ficients of brushes sliding on a metal compatibie to graphite had a mean

7

value of 7.2 x 10°', and the wear coefficient for a partially compatihle

metal-graphite combination had a mean value of 1.5 x 1077, The friction

coefficient was negatively correlated with wear.

2.4.2 EFFECT OF MOLECULAR STRUCTURE. As was pointed out before, graphite

has a laminar crystal structure with weak bonds between it's basal planes.
In sliaing applications platelets of graphite are detached from the brush,
thus making graphite self-lubricating. It will be shown later, that
presence of moisture plays a big role in graphite lubrication.

7,20

Rabinowic2z showed that in a combination of two metals in which at

ot . ; - N i" . ]
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least one metal, ﬁossesses a hexagonal crystalline structure, the wear and
friction are low. In the experiment on noble meta156 the advantage of
using a metal of hexagonal crystalline structure showed for both compatible
and incompatible pairs. However the effects due to crystalline structure

and compatibility were not additive. In Rabinowicz and Chan29

" experiments
the effect of using a hexagonal structured metal did not show, due to the

complication resulting from a graphite film on the slip ring metal.

5

2.4.3 EFFECT OF BRUSH MATERIAL. Johnson and Moberly” studied the effect

on brush performance of introducing metal powder into the graphite hrush.
They used silver graphite and copper graphite brushes sliding on a copper
slip ring. The experiments showed that the addition of metal powder into
the graphite brush significantly decreases the electrical contact resis-
tance, with an optimum amount being 75% (w/o) of metal in a brush. The
friction was constant from 0% to 75% (w/o) of metal, and both friction
losses and electrical losses drastically increased at above about 80% (w/o)
of metal in a brush.

The wear rate of the metal-graphite brushes steadily increased as the
proportion of metal increased. The slope of the wear vs. metal content
graph increased drastically when more than 75% (w/0) of metal powder was
present. Based on their results, the investigators concluded that a brush
with 75% by weight of silver would provide optimum performance. Rabinowicz
and Chan29 found very 1ittle difference in wear between graphite brushes

and 50% (w/o) silver-graphite brushes, with a current of 25A per brush.

The brush conductivity Py for a silver graphite brush can be expressed
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30,

= 224 9 >

y °b
where ¢v’ the volume fraction of silver can be calculated from:

§
. _4
.0, =

. ¢
Ag m

where ¢m is the mass fraction of silver, & is the apparent brush density,

app
and sAg is silver density. For the silver graphite brush used in this

thesis (75% w/o) the brush conductivity is:

3
o, = 22 (fsfliﬂﬁﬂlfg . 0.75)3°%% - 5.33 Mmho/m
10.5 g/cm

Silver does not form an appreciahle oxide layer, however it forms
silver-sulfide films. Silver-sulfide films are much softer than copper
oxide films and are usually very thin. Their resistivity is roughly the
same as for copper oxide films. Because silver-sulfide films are soft,
they are not abrasive, and can even provide some lubrication, reducing

friction and wear at the expense of increasing contact resistance.

2.4.4 EFFECT OF SLIDING SPEED. Many experiments performed at very high
4,31,32

speeds using metal graphite brushes (100m/sec to 300m/sec) produced

wear rates the same order of magnitude as low speed commutation (< 5m/sec).

Archard21

concluded in his paper that the wear coefficient k is independent
of speed. However the experiments reported by Cassteven's et alT suggest

that wear increases with an increase in velocity for most graphite and

. ]
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metal graphite brushes. The friction coefficient remained constant or showed
very little increase or dedrease in the same experiments. Brennan et a132
also reported increase in wear and a small increase in friction with an
increase in speed.

1,4,32

In most experiments where speed was varied the contact resistance

3 found however that the contact

remained constant. Marshall and Slepian
resistance increases with increasing speed.

Increasing the speed of a sliding contact has the effect of disturbing
the lubricating graphite layer and the oxide layer on the s]%p ring surface
in addition to raising the temperature of the contact. Dillich and

Kuh]mann-Wissdorf33

explain that at high speeds the lubricating graphite
films tends to be disturbed and finally ruptures increasing wear and friction
of the contact for a silver graphite brush on a copper surface. Un the other

hand, Lancas'cew]9

reports that at high speeds and heavy loads a continuous
layer of transferred graphite is formed and the rate of wear per unit load

is relatively high. At Tow speeds and 1ight loads, a surface film of cuprous
oxide develops which prevents transfer of graphite and reduces the rate of
wear.

Probably the more important influence of higher speeds is the increase
of temperature. Most of the experiments performed on homopolar generators
are pulsed, with pulses of about 30ms. The pulses are short enough to
prevent significant temperature rise, however continuous operation experi-
ments show a significant temperature rise due to increased speed. The

increase in temperature has the effect of decreasing the local shear

strength of the brush material. This would correspond to a decrease in
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friction coefficient but an increase in total wear. The high temperature
will also Tower the humidity level around the contact, thus further

increasing the wear.

2.4.5 EFFECT OF CURRENT

In an experiment performed by McNab4 on metal graphite brushes the wear
rate at a current of 600 A per brush was found to be of the same order of
magnitude as at zero current. The passage of a high current through a
sliding contact has the effect of raising the temperature of the contact and
disturbing the surface films on the slip ring.

At Tow current levels the commutation proceeds by fritting. The

: conducting tunnels are formed through the oxide layer or other films on the
Rl slip ring surface. Betz34 reports that as the current is increased the
temperature becomes higher, the oxide layer becomes more conductive and the
electrical field strength is reduced. This reduces the formation of
channels and the oxide layer can itself carry a greater part or even the
whole of the current. However at high temperatures the conditions for a
wear reducing film are unfavorable and the wear increases. Brennan et a13
explains the higher wear rate as due to increased area of the conducting

spots, B-fritting effect18

, thus the real area of contact is increased
which corresponds to the increase in wear. Lancaste\r']9 supports the idea
of film breakage, which leads to more graphite transfer, increasing wear
but decreasing friction.

At high current levels two different mechanisms may be present. One

is removal of the surface films, which would generate abrasive particles

A.._ " - X . A . — . j
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and also increase contact between the sTip ring metal and the brush. The
second mechanism is the formation of the "thermal mound". Brennan et a13
points out that as the current level is increased for a given brush size,
the power input to the mound is increased. The localized temperature
increases and thus decreases the localized shear strength of the brush
material. The decrease in strength would make it easier to remove graphite
particles corresponding to a decrease in friction but an increase in the
total wear rate. .

1,5,26

Most investigators found an increase in wear and a decrease in

friction for an increasing current density. However there is some disagree-
ment as to the influence the current has on the contact resistance. Betz34
reports that the contact resistance drops with an increased current and in
effect the voltage drop across the sliding contact is constant. Most other

1,4,31,35,36

investigators found that at higher currents the voltage drop

increases linearly with current thus keeping the contact resistance constant.

2.4.6 EFFECT OF ATMOSPHERE

Probably one of the greatest effects on the brush performance is due to
the atmospheric conditions present during sliding. The atmospheric condi-
tions at the time of sliding influence both the ability of graphite to
perform as a solid lubricant, and the nature of surface films formed at the
brush-s1ipping interface. Savage‘l2 showed that in vacuum graphite brushes
seize upon the moving slip ring surface and wear away as fine dust at a
rate of about 0.1 mm3/second. The friction coefficient under these sliding

conditions is about 1.0. However a small addition of moisture to the
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38,20 35

atmosphere reduces friction and wear Savage postulafes that the
lubricating characteristics of graphite are not intrinsic in the graphite
crystal alone but depend on the absorption films. Vapor molecules tend to
cover the exposed graphite su:‘face by forming transient monolayers, and thus

lowering the free surface energy. Moberly and Johnson39

point out, that a
critical humidity Tevel has to be maintained in order to have the low
friction films and long brush 1ife. The critical humidity level may vary
with current density, brush and ring temperature, sliding speed and partic-
ularly with the type and amount of the atmosphere and the condensible vapors
in the atmosphere. For operation in air for most brush-ring applications
the ideal humidity Tevel seems to be in the order of 2 grams of water per
cubic foot of air. '

Brush dusting occurs in most atmospheres (helium, hydrogen, argon,

nitrogen, carbon monoxide) if the humidity level is sufficiently 1ow38.

15

However, Johnson and Moberly '~ found that wear is SFs'and CO2 is lower than

13 found that the wear of

air and is unaffected by moisture level. Pardee
silver graphite brushes sliding on copper slip rings in 002 gas does not
depend on moisture at least down to -62°C dew point, for nondusting opera-
tion. However dusting does occur at elevated temperatures of over 200°C.
This is due to desorption of moisture from the contact counterface graphite
sites5

Low wear and friction can also be achieved by additions of a few parts
per million of the larger organic molecules, as was shown by Savage and
Schaeferzs. For example the minimum lubricating relative humidity level

for water vapor at 30°C is 0.10. The minimum lubricating relative humidity




- for 1-Bromo-Pentane is 2.1 x 10'5 (from Savage and Schaefer
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25).

The contact resistance is usually higher as the moisture level is in-

creased or in carbon dioxide14. The increase in contact resistance is

probably due to the additional film resistance. Marshall and S]epian31
point out that it is unlikely that the atmosphere plays part in fixing
either the number or the average size of the contact spots.

In the absence of oxygen or water, the oxidation process is suppressed.
Active chemical gases such as 502, CL2, and HZS cause the oxidation rates
to increase appreciably, points out Shoebertls. 0i1 vapors may cause a
lower oxidation rate of copper, and organic vapors may act either as film-
ing agents or as corrosive materials, depending upon the composition.
Shoebert suggests that with most of these special gases and chemicals, a
little is good, but a lot is harmful.

The effect of surface films on brush performance is discussed in more

detail in the next section.

2.4.7 EFFECT OF SURFACE FILMS FORMED AT THE INTERFACE. The films present

at the brush-slip ring interface contribute a significant part to the total

33, the inter-

wear, friction and contact resistance. According to Dillich
face film can be divided into two basic components:

1. The film due to the graphite platelets transferred from the brush.
The graphite layer, with absorbed layers of water and gas vapor in it, may
reduce brush to metal contact at the interface causing the brushes to slide
along a film layer with relatively high film resistance.

2. The films formed under atmospheric conditions, oxides, sulfides, HZO
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L‘ vapors absorbed on the bare metal surfaces, and which presumably persist
regardless of the presence or absence of the lubricating film.

The first film is usually relatively thick, and the second film is very
17

thin, or as with most noble metals, non-existent. Schreurs et al'’ found
that with silver graphite brushes sliding on copper the deposits from the
brush are about 300 mm thick, while the films due to CUZO-HZU complexes are
from 0.5 mm to 1.5 mm thick. Silver forms silver-sulfide films. Silver
sulfide films are much softer than copper oxide films and are usually much
thinner3].

Lancasterl9 found that when the cuprous oxide is present the we?r is
mild, but when a transferred layer of graphite is present the wear is
severe. The cuprous oxide film prevents transfer of graphite and reduces
the rate of wear.

Generally the presence of films increase the electrical resistance of
the contact, which in turn can raise the temperature of the interface. On

the other hand the films may Tubricate the sliding process, thus reducing

wear and friction.

2.4.8 EFFECT OF THE MECHANICS OF SLIDING CONTACTS. Graphite has a very

fast rate of response to sudden elastic deformations due to a high modulus

16. A brush containing graphite is less

of elasticity and low density
susceptible to small topological variations of the sliding surfaces. These
variations are induced by the slip ring eccentricities or vibrations in the
machine. However excessive waviness of the sliding surface can produce

instability which gives ri-e to bounce and sparking. Taylor and Reichner40

point out that the irregularities in the moving surface produce forces such
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as brush inertia and holder friction which alter the contact force. Fur-

thermore the brush power loss is higher for a fluctuating contact force

than that which would occur for a steady force equal to the average value.




} A-35

»v'ﬂ.‘i”\"vvv
i A

III. EXPERIMENTAL APPARATUS AND PROCEDURE

This chapter will describe the apparatus used for running the experi-

ments and the experimental procedure and materials used.

3.1 APPARATUS

The apparatus used for these experiments are two pin-on-disk testers,
similar to those used in many previous studies at M.I.T. However, the
sliding speeds of 4 m/s and 8 m/s are much higher than those used to per-
form other tests. In order to provide increased mechanical stability, the
brushes are loaded by leaf springs rather than dead weights. The spring
force is adjusted by a micrometer, and balanced against counterweights over
a pulley system. A schematic illustration of one of the testers is shown
in Figure 3.1.

The basic difference between the two testers is that the lower speed
tester has a friction measuring transducer, but the higher speed tester
does not. The friction transducer consists of a strain gage ring4] designed
for the forces achieved during these tests. The output of the strain gages
is fed into a Sanborn preamplifier and is recorded by a strip chart
recorder.

In order to provide for tests at high current levels, a flexible
battery cable is connected to the free arm of the tester and to the positive
terminal of a D.C. power supply, making the test brush anodic. Three
large copper brushes, sliding on the copper shaft of the rotating disk, are
used to collect the current from the disk to the negative terminal of the

power supply, as shown in Figure 3.2. The 0.C. voltage has a ripple of

M
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FIGURE 3.2: A SCHEMATIC ILLUSTRATION OF THE DISK AND THE POWER BRUSHES
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less than 5%. The fourth copper brush, insulated from the other three, is
used to measure the voltage drop across the sliding interface. The other
contact for the voltage drop measurement originates in the brush holder as
shown in Figure 3.3. The brush holder is designed to be Tight and easily
removable for weight measurements.

The whole set up is then enclosed in a plexiglass environmental
chamber to provide for different atmospheric conditions without sacrificing
the visibility of the apparatus. The humidified carbon dioxide environment
is provided by passing CO2 gas from a cylinder through a bubbler system into
the test chamber. The bubbler consists of three closed beakers containing
water. The first beaker is heated almost to the boiling point of water, and
the other two are at room temperature.

After passing through the bubbler the CO2 gas is saturated with water.
The gas is at room temperature, so that the concentration of water is 20 g
per cubic meter of COZ' The rate of the gas flow is approximately 10 cm3/
sec.

The organic vapor atmosphere is obtained by passing compressed air
through a beaker with 1-Bromo-Pentane Liquid. The air flow is 1Q cm3/sec.
The concentration of the organic vapor is approximately 1 g/m3 of air.

The tests performed in an ambient environment were conducted in
winter dry air. From the average humidity measurements in Boston winter
air and the average temperatures, the relative humidity was estimated to

be 15% or 3 g of water per cubic meter of air.

3.2 PROCEDURE

The tests performed during this research are summarized in Figure 3.4,




FIGURE 3.3:
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A SCHEMATIC ILLUSTRATION OF THE BRUSH HOLDER
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The voltage drop across the contact was displayed on an oscil]oscope
screen. The voltage drop was either measured directly from the screen, or
a photograph of the display was taken. Five measurements were usually
obtained during each run. The average voltage drop for each run was divid-
ed by the current to obtain the contact resistance.

The friction force measurements were recorded five times, during a
typical test. After each measurement the normal load on the brush was
removed to zero the reading, thus eliminating the problems due to a drifting
zero point and temperature effects. At the end of each run the strain gage
ring was calibrated by a 20Q g load.

The material removal was determined by weighting the brush and the slip
ring material before and after each test. A balance with a resolution of
0.01 mg was used. From the weight loss, the wear coefficient was computed,
for each surface, by the use of the Archard's wear equation:

kLx
3p

y =
where

V is the volume of wear from the surface

k is the Archard wear coefficient for this surface

p is the penetration hardness of this surface

L is the normal load

x is the total distance of sliding

In most of the sliding tests, the brush lost a fair amount of weight

(e.g. 10 mg) and the slip ring gained a moderate amount of weight (e.g. 2

mg). In these cases material from the brush could be seen adhering to the
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w slip ring surface after the tests. In analyzing such data, it was assumed

the weight worn from the brush was the difference between its weight loss

and the weight gain of the metal surface (8 mg for the numbers given above),
while the weight loss, and thus the wear coefficient, for the slip ring was
set at zero.

The tests were performed at sliding speeds of 4 m/sec and 8 m/sec.
For the Tower speed tests the normal load was set at 300 g, and for the
higher speed tests the normal load was set at 500 g, giving values for the
nominal pressure on the 6.3 mm diameter pin of 9.6 N/cm2 (13.4 psi), and
16 N/cm2 (22.4 psi) respectively. The total current through the interface
was 50 A, giving a value for the current density of 160 A/cm2 (1020 A/inz).

A The speeds and the current densities are perhaps two orders of magnitude
’ greater than used in early tests, although they are rather low (perhaps by
a factor of 3) for the projected high current density high speed applica-
tions.

The duration of a typical test was 24 hours. In the case of some of
the Tow wear combinations of materials the duration of these tests was
extended to three days or more. In the case of high wear combinations of
materials the duration of the tests was shortened to a few hours.

Before each test the slip ring was polished on a flat glass surface
using a double zero emery paper to assure a flat and clean siiding surface.
The brush holder was adjusted in the free arm .f the tester to lay flat
against the metal disk.

The friction and the contact voltage measurements were obtained during

the second half of each run to allow sufficient time for the brush run in

_ | | |
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and to allow for the steady-state conditions to persist.

3.3 MATERIALS

The graphite and the silver graphite brushes were supplied by Westing-
house Corporation. The silver graphite brushes (75 w/o Ag, 50 w/o C) were
produced by sintering. The Vickers penetration hardness of the graphite

material was measured to be 15 kg/mm2 (150 N/mm2

) and its density was
measured to be 1.57 gm/cm3, (98 1b/ft3). The hardness and the density of
the silver graphite material were measured to be 15 kg/mmz, (150 N/mmz),
and 4.9 g/cm3 (305 1b/in2) respectively. Both types of brushes were
turned to a 6.3 mm (1/4 in.) diameter.

Some of the relevant physical properties of the slip ring metals are
presented in Table 3.1. The metal surface conditions are presented in
Table 3.2. All, except for the electroplated layers, are believed to have
an impurity content of less than 0.2%. Osmium was unavailable in an exten-
ded surface form for these tests.

A1l of the metals tested were in the form of a 5 cm by 5 cm (2 in. by

2 in.) disk which was clamped to the rotating disk by means of four copper

clamps.
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TABLE 3.2: THE FORM AND THE VICKERS PENETRATION HARDNESS OF THE
SLIP RING METALS

MATERIAL FORM HARDNESS
(kg/mm3)
Silver rolled flat 60
Gold rolled flat 77
Copper rolled flat 96
Cobalt rolled flat 206
Iridium rolled flat 606
Nickel rolled flat 165
Palladium rolled flat 116
v Platinum rolied flat 107
9’ Rhenium rolled flat 610
Rhodium electroplated layer 540
Ruthenium powder-metal compact 370
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IV. EXPERIMENTAL RESULTS

This chapter will present the results of the tests and a discussion of

the accuracy of the results.

4.1 ORGANIZATION OF THE RESULTS

The data obtained from running pin-on-disk tests are presented in Tables
4.7 to 4.10.

A1l of the results shown in Tables 4.1 to 4.5 were obtained using the
silver graphite brushes. Table 4.1 shows the results of tests carried out in
a wet CO2 atmosphere, at a speed of 4m/sec, while a 50 A DC current flowed
through the interface (with the brush positive and the metal flat negative).
Table 4.2 presents results of tests performed in air, at a speed of 4m/sec,
under a current of 50 A. The results in Table 4.3 were obtained from tests
performed in a 1-Bromo-Pentane atmosphere, at a speed of 4m/sec, and a
current level of 50 A. The data in Table 4.4 are for tests carried out at
no cu}rent, in a wet CO2 atmosphere, at a speed of 4m/sec. Table 4.5
presents data from tests run at 8m/sec, in ambient air, and at a current
level of 50 A.

Tables 4.6 to 4.8 present data obtained from tests carried out using
pure graphite brushes. Table 4.6 presents the results for tests performed in
a wet CO2 atmosphere, at a speed of 4m/sec, and a current of 50 A. Tables
4.7 and 4.8 show the data of tests obtained in air, with a current of 50 A,
and speeds of 4m/sec and 8m/sec respectively.

Table 4.9 shows the results of tests obtained by using a silver graphite

brush s1iding on an iridium flat in a wet CO2 atmosphere, at 4m/sec, and
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: TABLE 4.1
! Brush: Silver Graphite (75% w/o Ag)
Load: 300 g
Speed: 4 m/sec
Current: 50 A
Atmosphere: wet CO2
Average test time: 24 hrs.
FLAT MATERIAL Kbrush Kf]at f AR(mQ)
Ag 8.6 x 10”7 1.0 x 10”7 0.24 4.3
Au 8.4 0(2.8)" a.29 4.3
Co 8.5 0(1.8) Q.21 6.0
Cu 24 22 0.25 5.7
w5’ Ir 8.2 0(2.0) 0.20 6.2
Ni 61 230 0.21 7.3
Pd 7.9 0(2.0}) 0.25 3.3
Pt 11 0(a) 0.25 3.7
Re 19 0(0.5) 0.19 5.9
Rh 9.5 0(2.0} Q.20 5.0
Ru 10 Q(3.7) 0.20 4.9

* -
When Kf1at = 0, the number in brackets represents the weight gain

of the flat in mg.




wy’

Brush: Silyer Graphite (75% w/o Ag)
Load: 300 g
Speed: 4 m/sec
Current: 50 A
Atmosphere: air
Average test time: 24 hrs.
FLAT MATERIAL Kbrush Kﬂat
Ag 3.8 x 1077 0(2.3)"
Au 10 1.5 x 10”7
Co 9.9 Q(2.3)
Cu 13 2.8
Ir 5.9 0(2.4).
Ni 22 0(1.0)
Pd 7.0 0(2.7)
Pt 9.0 0(0.4)
Re 38 0(0.4)
Rh 3.3 Q(3.0)
Ru 9.5 0(0.2)

J

TABLE 4.2

When Kﬂat
of the flat in mg.

OO0 00000 Oo0a oo -

.30
.29
.34
.26
.31
.20
.32
.27
.18
.28
.26

AR(mQ)

o O
(S I % ]

o A~ 00O O B 0T NN

g o O — 0 0O N W W

= 0, the number in brackets represents the weight gain
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L‘ TABLE 4.3
Brush: Silver Graphite (75% w/o Ag)
Load: 300 g
Speed: 4 m/sec
Current: 50 A
Atmosphere: air with 1-Br-Pentane

Average test time: 24 hrs.

FLAT MATERIAL K. Kerat f aR(ma)
Ag 26 x 1077 40 x.1077 0.17 12
Au 63 65 0.17 1
Co 15 a(i.4)" 0.18 12
Cu 23 13 0.1 n
Ir 2.2 0(2.1) 0.18 12
Ni 8.4 a(4.6) 0.19 1
o’ Pd 12 0(0) 0.14 14
Pt 9.9 8.8 0.17 9.0
Re 18 0(5.8) 0.19 16
Rh 22 0(4.8) 0.15 12
Ru 16 0(5.8) 0.13 15

When Kf1at = 0, the number in brackets represents the weight gain
of the flat in mg.
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(| TABLE 4.4
: Brush: Silver Graphite (75% w/o Ag)
Load: 300 g .
Speed: 4 m/sec
Current: 0A
Atmosphere: wet CO2

Average test time: 24 hrs.

FLAT MATERIAL Kbrush Kf]at f
Ag " 0.77 x 1077 0(0.3)" 0.29
Au 3.7 0(0.6) 0.24
Co 3.7 2.9 x 107 0.18
Cu 3.5 2.2 0.31
Ir 1.8 0(1.0) 0.24
w7’ Ni 5.6 14 0.22
Pd 5.9 0(2.1) 0.30
Pt 2.4 0(1.2) 0.26
Re 24 4.2 0.24
Rh 0.046 0(0.8) 0.30
Ru 1.3 0(0.3) 0.24
When K¢,.¢ = 0, the number in brackets represents the weight gain

of the flat in mg.




TABLE 4.5

Brush: Silver Graphite (75% w/o Ag)
Load: 50Q g

Speed: 8 m/sec

Current: 50 A

Atmosphere: air

Average test time: 24 hrs.

FLAT MATERIAL K, Keat sR(ma)
Ag a1 x 1077 6.9 x 107 5.6
Au 83 190 3.8
Co 12 0(1.4)" 5.2
Cu 17 20 5.5
Ir 16 0(0.4) 5.9
Ni 61 38 8.4
Pd 13 0(1.0) 3.6
Pt 1 0.93 7.5
Re 35 3.5 4.6
Rh 14 0(2.2) 3.7
R 15 0(1.9) 4.6

* When KF1at = (0, the weight in brackets represents the weight gain

of the flat in mg.




Brush:
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Speed:

Current:
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Average test time

FLAT MATERIAL

Ag
Au
Co
Cu
Ir
N1
Pd
Pt
Re
Rh
Ru

%*
When Kﬂat = Q, the number in brackets represents

of the fla
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TABLE 4.6

Pure Graphite

300 g

4 m/sec

S0 A

wet CO

2

: 24 hrs,

Kbr'ush

27 x 10
4.1
50
24
200
69
13
22
250
44
75

t in mg.

-7

Kerat

0.05 x 10”
0(0.2)"
61

4.4

80

4.8
0.44
1.0

85

24

18

7

0.22
0.37
g.15
0.16
.29
.19
.19
.18
.24
.15
.20

O O O O o o o

AR(M)

31
35
27
26
17
39
29
22
26
26
26

the weight gain




Brush:

Load:

Speed:

Current:
Atmosphere:
Average test time

FLAT MATERIAL

Ag
Au
Co
Cu
Ir
Ni
Pd
Pt
Re
Rh
Ru

Ky
51
12
45
1
17
83
20
36
220
27
47
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TABLE 4.7
Pure Graphite
300 g
4 m/sec
SO0 A
air
24 hrs.
rush Kf1at
x 1077 2.8 x 1077
0.49
28
6.2
2.0
7.9
1.3
1.9
78
20
7.3

—h

O O O O O O O O o o o

21
.47
17
.30
.21
13
13
.15
.21
.18
.19

AR(MQ)

60
33
27
19
16
33
24
16
16
14
28
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Brush:
Load:
Speed:
Current:
Atmosphere:

TABLE

Pure Graphite

500 g

8 m/sec

50 A
air

Average test time: 24 hrs

FLAT MATERIAL

Ag
Au
Co
Cu
Ir
Ni
Pd
Pt
Re
Rh
Ru

Kbrush

37 x 107
17
23
8.8
200
44
14
1500
100
18
57

7
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4.8

Kf'lat

80

74
52

O w o —

- N
.

.3 x 107
.74

.40

AR

21
11
33
22
17
19
15
12
25
20
14




A-55

e
E‘ ' TABLE 4.9
Brush: Silver Graphite (75% w/o Ag)
Flat: Iridium
Load: 300 g
Speed: 4 m/sec
Atmosphere: wet CO2

Average test time: 24 hrs.

CURRENT(A) K FLAT WEIGHT £ sR(me)
brush GAIN (mg)
0 7.1 x 1077 1.2 0.26 --
25 18 1.2 0.25 6.2
50 8.2 2.0 0.20 6.2 :
75 2000 - 1.4 0.15 6.8
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TABLE 4.10

Brush: Silver Graphite (75% w/o Ag)

Flat: Iridium

Load: 500 g

Speed: 8 m/sec

Atmosphere: . air

Average test time: 24 hrs.

CURRENT(A) K FLAT WEIGHT AR(me2)

brush GAIN (mg)
0 4.6 x 1077 1.4 -

25 7.7 0.7 5.0
50 16 0.4 5.9
75 1300 0.7 4.3 -
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with different current levels. Table 4.10 shows data for a set of tests
imilar to those in Table 4.10, except they were run in air at 8m/sec.

The tables list the wear coefficients for the brush, the wear coeffic-
ients for the flat (in the cases in which the flat gained weight, the weight
gained is shown in brackets in mg), the average friction coefficient for the
test (for the tests performed at 8m/sec, the friction data is not presented
since the apparatus did not contain a friction force measuring transducer),
and the average electrical contact resistance for the test (for the tests in

which current was passed).

4.2 ACCURACY OF THE RESULTS

In order to determine the accuracy of the results six tests were per-
formed under identical conditions. The results of the tests are presented
in Table 4.11. A silver graphite brush was riding on an iridium flat in a
wet C02 atmosphere, at 4m/sec, with a current of 50 A. It is apparent that
the wear coefficient for the brush has the largest standard deviation of
32% of the mean value. The difference between the highest and the lowest
brush wear coefficient is about a factor of three, which is a quite common
deviation for wear coefficients in wear tests. The next largest standard
deviation is for the weight gain of the flat metal which is 28% of the mean
value. The standard deviation for the friction coefficient is 20% of the
mean value. The standard deviation is the smallest for the electrical
contact resistance values being 13% of the mean value. If the value of

4.4 mp is eliminated from the calculation than the standard deviation

becomes 1.8% of the mean value. Thus it can be assumed that the wear
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TABLE 4.1

Silver Graphite (75% w/o Ag)
Iridium

300 g

4 m/sec

50 A

wet CO2

Average test time: 24 hrs.

TEST #

A A W N —

6
mean

standard
deviation

FLAT WEIGHT

K GAIN (mg)
5.2 x 1077 3.0
8.2 1.9
12 2.0
1 2.2
6.5 2.3
5.5 1.0
8.1 2.1
2.6 0.59

~h

O O O O O O O O

19
.16
.14
.22
.24
.25
.20
.04

AR(

O Oy O OV OV OV B OO0
O NN N Aoy O

3
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coefficient and weight gain values are accurate to within 30%, the friction
coefficient values are accurate to about 20%, while the contact resistance
values are accurate to 10%.

The main reasons for the errors are due to the fact that the wear tests
are very sensitive to changing sliding conditions. The variations can be
due to the differences in local strength of material, the variations in the
composition of the atmosphere, particularly the presence of small amounts of
alient materials, and the load changes due to waviness of the sliding
surfaces. There is very little error introduced due to accuracy of the
weight readings since the balance used had a resolution of 0.01 mg, while
the measured differences in weights were typically 10 mg. A possible source
of error is the fact that the flat metal was wiped with a clean tissue paper
before weighting, thus possibly removing some of the adhering graphite film.
The friction force and the contact resistance were measured during the
second half of the tests, so that steady state conditions existed. From
Table 4.11 it can be seen that for the tests with more wear, the friction
tends to be smaller. This is a general result which will be discussed more

in the next chapter.
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V. ODISCUSSION OF THE RESULTS

The results of the tests suggest that the performance of the slip ring
system depends not only on the brush selection, but also on the selection of
the commutator metal. Wear, friction and electrical contact resistancé
vary for different slip ring combinations and also under different sliding
conditions. The results of the tests have a moderate amount of statistical
scatter, but some general trends and conclusions can be made regarding the
brush performance. The following sections will present the discussions on

the parameters studied in this experiment.

5.1 PARAMETERS INFLUENCING THE WEAR OF SLIP RINGS

The wear of the brushes is influenced most by the slip ring combina-
tions and to some degree by the various sliding conditions as can be seen
from Tables 4.1 to 4.10. In order to see how the wear coefficients for
silver graphite brush tests vary with compatibility Table 5.1 is constructed.
The table shows the average measured parameters for all silver graphite
brush tests and the compatibilities of the slip ring (flat) metals against
graphite and against silver. The metals are presented in the order of

decreasing wear coefficients. K is the geometric average of (K

+
ave brush
Kepae) 7/ 2 for all tests. The values from Table 5.1 are averaged as
functions of compatibilities against graphite in Table 5.2, and against
silver in Table 5.3. The tables show that for the slip ring systems in
which the flat metal is compatibie against both graphite and silver the wear
coefficients are higher than for those slip ring systems in which the flat

metal is less compatible or incompatible against graphite and silver.

AN
o ™ o o
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TABLE 5.1: THE AVERAGE VALUES FOR SILVER GRAPHITE BRUSHES
BASED ON TABLES 4.1 TO 4.5

Whoo Sl gy
Ni 20x10”7 0.21 7.9 @ ‘
Au 15 0.25 5.6 Q @
Re 13 0.20 7.7 @ ‘
Cu " 0.23 7.1 G @
Co 5.0 0.23 5.9 @ )
Ag 4.9 0.25 6.5 - O
Pd 4.4 0.25 6.2 @ ‘
g Pt 4.4 0.24 6.0 @ @
Ru 3.9 0.21 6.6 @ .
Ir 2.5 0.23 6.9 Q ‘
Rh 1.7 0.23 6.6 @ ‘
i Kave is the geometric average of (Kbrush + Kf1at) /2
ii fave is the arithmetic average
iid ARave is the geometric average
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TABLE 5.2: THE AVERAGE VALUES FOR SILVER GRAPHITE BRUSHES AS FUNCTIONS
OF COMPATIBILITY AGAINST GRAPHITE

;k¢ERIAL Kave’ fve | ?§3§;11 COMPATIBILITY
Co, Ni, Pt, Re 8.7x1077  0.22 6.8 (::)

Au, Ir, Pd, Rh

R 4.1 0.23 6.2 QiE)

Ag, Cu 7.3 0.24 6.8 Q

i Geometric average

ii Arithmetic average

iii Geometric average

TABLE 5.3: THE AVERAGE VALUES FOR SILVER GRAPHITE BRUSHES AS FUNCTIONS
OF COMPATIBILITY AGAINST SILVER

ii iii

FLAT K f &R

MATERIAL ave ave (m;§e COMPATIBILITY
Ag, Au, Cu, Pt 7.7x1077  0.24 6.3 (::) (::)
Re, Rh, Ru 5.1 0.22 6.6

Co, Ir, Ni, Pd ‘I'

i Geometric average

ii Arithmetic average

iii Geometric average
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However the dependence does not appear to be very strong as shown by Figures
5.1 and 5.2, which present the correlations between the average wear coef-
ficients and the compatibilities of the flat metals against graphite and
against silver respectively. The correlation coefficient for the two plots
is around 0.25.

The fact that both graphite and silver in silver graphite brushes
influence the compatibility requirements suggests a rating system based on
both materials. Such a rating is established by assigning points to the
compatibility elements in Figure 1.2. An identical pair of materials
(represented by an open circle) is assigned a value of O points. A compat-
ible pair (a circle with a dot) is assigned 1 point. A partially compatible
pair (a quarter blackened circle) is assigned 2 points. A partially
incompatible pair (a half blackened circle) is assigned 3 points, and
finally an incompatible pair (a black circle) is assigned a value.of 4

points. The total rating is calculated from the following formula:
I.R. = P ¢ +P_ 9o

where [.R, is the incompatibility rating, Pg is the points assigned for

compatibility of the flat metal against graphite, Qg is the volume fraction

of graphite in the brush, for a 75% w/o Ag brush bg = 0.65, PS is the

points assigned for compatibility of the flat metal against silver, and o

is the volume fraction of silver, ¢v = 0.35 for the above mentioned brush.
Figure 5.3 presents the correlation between the average wear coefficient

and the incompatibility ratings for silver graphite brush tests. The figure

shows a strong tendency for the slip rings with a high incompatibility
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FIGURE 5.1: A PLOT OF THE AVERAGE WEAR COEFFICIENTS VERSUS THE
COMPATIBILITY OF THE FLAT MATERIALS AGAINST GRAPHITE FOR
SILVER GRAPHITE BRUSH TESTS
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rating (a high degree of incompatibility) to have lower wear coefficients.
The correlation for the figure is 0.55. The figure suggests that the wear
can be decreased by a factor of 5 or more by choosing a slip ring metal
with a high incompatibility rating against the brush, as cumpared to a low
rating system,

Figure 5.4 shows a plot of the brush wear coefficients versus the weight
gains of the flats. The plot has a rather small correlation of 0.23 which
means that when the brush wear is high there is a tendency for the brush
material to be transferred to the commutator surface. However the flat
metals which readily oxidize (i.e. Cu, Ni) usually show a weight loss and
thus a wear coefficient value in silver graphite brush tests, as can be seen
from Tables 4.1 to 4.5.

The oxide forming metals have high wear coefficients, thus showing that
the oxide layer when disturbed can result in abrasive action thus producing
more wear,

The hexagonal close packed metals cover the whole range in terms of
wear. Ruthenijum has one of the lowest wear coefficients of all slip ring
metals in silver graphite brush tests, while rhenium has the third largest
wear coefficient, and cobalt having an intermediate wear coefficient. The
crystalline structure appears to be overshadowed by the compatibility
requirements and the fact that a surface layer of transferred brush material
is present at the sliding interface.

Table 5.4 presents the average values for the pure graphite brush tests
and the compatibilities of the flat metals against graphite. The average

values of these results appear as functions of compatibilities of the flat
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TABLE 5.4: THE AVERAGE VALUES FOR PURE GRAPHITE BRUSHES BASED
ON TABLES 4.6 TO 4.8

;kﬁgRIAL Kave. five ?233;“ COMPATIBILITY
Re 120107 0.23 22 @
Ir 57 0.25 17 @
Pt 42 0.17 16 @
Ni 34 0.16 29 @
Ru 3% 0.20 22 Q
Co 30 0.16 29 @
| Ag 19 0.22 34 -
R 19 0.17 19 @
Pd 8.3 0.16 22 @
Cu 8.2 0.23 22 Q
Au 4.9 0.42 23 -
i Kave is-the geometric average of (Kbrush + Kflat) / 2
i fave is the arithmetic average
iid ARave is the geometric average




metals against graphite in Table 5.5. The incompatible combinations show

significantly smaller wear coefficients than the compatible combinations.
Figure 5.5 shows the correlation between wear and compatibility, with the
correlation being 0.61. As with the silver graphite brushes, the wear of the
pure graphite slip rings strongly depends on the compatibility of the flat
metal against the brush. However the flat metals usually show a weight loss
and thus produce wear coefficients, as can be seen from Tables 4.6 to 4.8.

A plot of the brush wear coefficients versus the flat wear coefficients for
a test performed in wet COZ’ at a load of 300 g, a speed of 4 m/sec, and a
current of 50 A is shown in Figure 5.6, where the correlation is 0.81. The
combination of materials with higher brush wear produce more wear of the
flat in pure graphite brush tests.

The oxide forming slip ring metals tend to have moderate wear, and the
HCP metals again cover a wide range in terms of wear showing the dominance
of compatibility requirements.

Table 5.6 is constructed to show the effects of the sliding conditions
on the wear, friction and contact resistance of the slip rings. The table
shows the average values for all sets of tests performed. There is no ’
significant change in the wear of the slip rings in the tests performed in a
wet C02 atmosphere with the tests for pure graphite brushes showing slightly
less wear in COZ’ and the tests for silver graphite brushes showing more
wear in C02. The reason for the small difference is probably that the air
atmosphere contained enough moisture to assure adequate graphite lubrication.
The tests performed with 1-Bromo-Pentane vapors gave wear c¢lose in value to

those in wet COZ and a little higher than those in air, again suggesting
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e
- TABLE 5.5: THE AVERAGE VALUES FOR PURE GRAPHITE BRUSHES AS
FUNCTIONS OF COMPATIBILITY AGAINST GRAPHITE
i ii iii
;kﬁgRIAL kave fave ARave COMPATIBILITY
| (ma)
Co, Ni, Pt, Re 48x10°7  0.18 23 O,
Au, Ir, Pd, Rh
Ru 17 0.24 20 Q
Ag, Cu 12 0.23 27 Q
i Geometric average
_ ii Arithmetic average
("i iii Geometric average
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that the ambient winter air contained more than the critical amount of
moisture.

The speed of sliding does not significantly influence the wear as shown
by the tests performed at two speeds. However at even higher speeds it is
possible that the increased heat input dre to friction force will réise the
temperature of the interface, thus causing more wear. In this experiment
the difference in speeds is not large enough to produce significant tempera-
ture changes. However, if the temperature does rise significantly then the
metals with high melting points are expected to perform better ir terms of
wear, than the metals with low melting points. For the tests performed at
the two speeds the éorre]ations between the wear coefficient and the melting
point did not differ significantly.

An important parameter during sliding is the current level that passes
through the brush-commutator interface. The set of tests performed with
silver graphite brushes at a current of 50 A per brush shows five times
higher wear than the set of tests performed at no current. The effect of
current can be seen more clearly in Figure 5.7. The figure shows a plot of
the brush wear coefficients versus the current level for two experiments in
which a silver graphite brush was sliding on an iridium flat. There is a
slight increase in wear as the current is increased from O A to 50 A. At a
current of 75 A the wear is two orders of magnitude higher than at 50 A.

The increased current density increases the heat input into the brush-
commutator interface, thus raising the temperature of the interface. The
high temperature may have two effects on wear. The local strength of the

brush material is reduced, thus producing a higher probability of generating
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wear particles (higher K values). The second effect is the formation of a
local region of low humidity. The reduced humidity reduces the ability of
graphite to perform as a solid lubricant in which case the wear is higher.

Generally the slip ring systems containing noble metals produce less
wear than the slip rin§ systems which contain oxide forming metals regardless
of compatibility ratings. Ffor the silver graphite brush tests all of the
noble metals tested have smaller wear coefficients than nickel and six noble
metals slip rings have lower wear than copper or cobalt. For the pure
graphite brush tests only a gold slip ring has less wear than copper, and
palladium has a similar wear coefficient to copper. Five noble metals have
less wear than nickel.

Table 5.7 presents the comparison between the wear of silver graphite
brushes and pure graphite brushes for the sets of tests performed under
similar sliding conditions. The silver graphite brushes have an average
wear coefficient three times lower than the average wear coefficient for the

qraphite brushes.

5.2 PARAMETERS INFLUENCING THE FRICTION OF SLIP RINGS

Two significantly different parameters influencing the friction are
present during the sliding of the electrical brush on the commutator surface.
The first parameter is the compatibility requirement, which states that a
combination of incompatible materials will produce a smalle~ friction coef-
ficient than a cormbination of compatible materials. The other parameter is
a lubricating graphite layer. In order to cbtain low friction a complete
lubricating graphite layer is required t~ be present on the commutater

surface, and this tends to produce high brush wear rates. As was shown in
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AVERAGE VALUES FOR SILVER GRAPHITE AND PURE GRAPHITE
BRUSHES FOR TESTS PERFORMED UNDER SIMILAR CONDITIONS

i

ii i1

BRUSH K e fve AR, o
(mQ)

Silver Graphite 8.2 x 107/ 0.25 5.3

Graphite 22 x 1077 0.21 23

i Geometric Average

ii Arithmetic Average

iii Geometric Average
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the previous section the compatible pairs of materials produce higher wear,
and thus according to the second parameter, will produce lower friction,
Figure 5.8 shows the plot of the incompatibility ratings of the combinations
versus the friction coefficients for the silver graphite brush tests.

There is a small correlation of 0.30 showing that the second parameter is
stronger and compatible pairs produce slightly less friction. Another

proof of the dominance of the second mechanism is shown in Figure 5.9, where
the average wear coefficients are plotted against the friction coefficients
for the.silver graphite brush tests. The friction does indeed decrease

with increasing wear, showing a correlation of -0.50. Figure 5.10 shows
wear versus friction for a set of tests performed with silver graphite
brushes, in wet COZ’ at a load of 300 g, a speed of 4 m/sec, and a current
of 50 A. Here again there is a negative correlation between wear and
friction. Table 5.5 and Figure 5.11 show that for pure graphite brushes

the incompatible combinations of the materials produce higher friction
values. The wear versus friction plot in Fiqure 5.12 results in a negative
correlation of -0.35.

The low correlation values suggest that other parameters influence the
friction behavior of the slip rings. The results in Table 5.6 show that
for silver araphite brushes the presence of 1-Bromo-Pentane vapors
significantly reduce the friction coefficient. ihe organic vapors produce
a surface layer at rhe sliding interface after being absorbed by araphite.
This surface layer aids in lubrication of the system, thus lower friction
coefficients are obtained.

From Table 5.7 it can be seen that the pure araphite brushes show
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smaller friciton coefficients than the silver brushes. The pure graphite
brushes are capable of providing a better graohite layer, which aids in
reduction of friction.

Another observation from Table 5.6 is that the tests performed at no
current result in higher friction coefficients than those run with a current
of 50 A. Figure 5.13 shows a plot of friction coefficients versus current
level for the silver graphite on iridium experiment discussed before. The
friction drops linearly from 25 A to 75 A. The drop in friction can be
attributed to the decrease of the local shear strength of the brush material

as a result of higher temperatures at high currents.

5.3 PARAMETERS INFLUENCING THE ELECTRICAL CONTACT RESISTANCE OF SLIP RINGS

Figure 5.14 shows the correlation between the incompatibility ratings
of the flat metals against the brush and the average contact resistances for
the silver graphite brush tests. The correlation of 0.37 suggests that the
compa*ible combinations tend to have smaller contact resistance values than
the incompatible combinations, which can be expected due to higher mutual
attraction befween the brush and the commutator. However the correlation is
not strong because of many other parameters influencing the contact
resistance. For instance 5.15 shows that the contact resistance for si.ver
brushes iincreases with wear with a correlation of 0.35. Also the oxide
forming metals produce higher contact resistances, as shown in Table 5.1.
The contact resistances for the tests performed in the orgqanic vapor environ-
ment result in hiagher resistances due to the complications from the surface
layers.

Figures 5.16 to 5.17 show plots of the average contact resistances for
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pure graphite brushes versus the compatibilities of the slip ring combina-
tions and the wear coefficients respectively. The spread of values for the
resistances is laraer than for the silver graphite brushes. The spread of
values is too larae for any general conclusions.

Table 5.7 shows that the contact resistances for the silver graphite
brushes are over four times smaller than those for pure grabhite brushes.
This result is due to the fact that silver has better electrical properties

than graphite (i.e. lower resistivity).
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VI. CONCLUSION

As the result of tests performed using pure graphite and silver graph-
ite brushes the following conclusions have been reached.

1. The compatibility between the flat metal and the brush significant-
ly influence the behavior of slip ring systems. When the brush material is
incompatible against the slip ring metal the wear is lower. In silver
graphite systems both graphite and silver haye to be included in the
comﬁatibi]ity requirements.

2. The friction of slip ring systems is inversely proportional to the
wear of the system.

3. Ambient air contains adequate amounts of moisture to provide
graphite Tubrication and thus low wear rates.

4, Increased current level increases the temperature of sliding,
which in turn increases the wear rate but decreases the friction.

5. Increasing the speed by two does not significantly change the per-
formance of the slip ring systems.

6. Silver graphite brush slip ring systems show four times less wear
and five times less contact resistance thar | ~aphite brush systems.

7. The noble metals usually perform betie: .ian the oxide forming
metals, especially with silver graphite brushes, where silver, palladium,

platinum, ruthenium, iridium and rhodium slip rings have wear coefficients

two to six times smaller than copper.
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VII. RECOMMENDATIONS

A possible direction for future research would be studying the perfor-
mance of the slip rings as a function of temperature. There are a few ways
to observe the temperature dependence. One approach would be to perform the
tests on noble metals at much higher speeds than were encountered in this
experiment. However, special care should be given to the equipment design
for the high speed conditions, since the mechanics of the sliding can
significantly influence the brush performance. Another possible approach is
the use of higher current densities. It was shown in this report, that
iridium s1ip rings reach a critical current level above which the wear rate
is very high. By varying the current levels it would be possible to find
the critical value for all of the noble metals. Finally the tests can be
run at high ambient temperatures, thus making it easier to estimate the
temperature of sliding.

It is possible that the adverse effeEt due to temperatures approaching
the melting point of slip ring metals will be more pronounced with the low
melting copper than with other noble metals, which have higher melting
points. It would be desirable to measure the interface temperature or to
find a reliable model for calculating the temperature. Some of the elements
of the model can include the number of the contact asperities, the size of
the conducting junctions and their relative positioning.

If the major effect of the current is to raise the temperature of the
contact, than cooling of the commutator and/or the brush should allow
higher currents to be passed through the interface without increasing the

wear.
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Finally, the effect of the atmospheric conditions on the performance of
the slip rings should be studied in more detail. Tests would have to be
performed under different humidities and in different gases. Some impurities

can be introduced into the test chamber to see their effect on commutation.
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APPENDIX: ESTIMATION OF THE TEMPERATURE RISE DURING SLIDING

In order to calculate the temperature rise at the point of contact the

“ contributions of heat input due to frictional heating and due to electrical

20 the

losses have to be considered separately. According to Rabinowicz
following formula can be used to calculate the temperature rise due to

frictional heating:

172
= _flLy
Cm (1)

} ' 3.6J(pc v'3k)1/2

where em is the mean temperature rise at the point of contact, f.is the
coefficient of friction, L is the normal load, v is the sliding speed, J is
mechanical equivalent of heat. Assuming a pin-on-disk geometry, pc is the
volume specific heat for the disk, k is the thermal conductivity of the
disk, and r is the radius of the true contact area. Formula 1 can be
applied for conditions of high speed sliding.

The temperature rise due to electrical losses can be estimated by
modifying equation 1. By rewriting the numerator of the equation as:

fLv

v
It can be seen that flv is the frictional power input. For the electrical
losses equation the electrical power loss is substituted for the frictional

power loss in equation 1 to obtain:

- - * 1%

! y e = (2)
3.6d(pc r

m
V172 3* 172
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where the star superscript denotes electrical contact conditions, I is the
current passing through the contact, and R is the contact resistance.
According to Holm the conduction area is only 1% to 10% of the actual mech-
anical area of contact. It is assumed that the conducting area is 5% of the

contact area then:

*

r = .2r (3)

To estimate r, surface profiles of various slip fing metals tested were
obtained. The profiles show from two to fifteen high peaks wh;re contact
could take place. An example of one of the profiles is shown in Figure A-1.
Ten contacts was assumed to be the average number of contacts. Next it is
assumed that the contact points are plastically deformed, and the load

carried by the contacts is expressed by:

L = 1omrip (4)

where p is the penetration hardness of the softer material (the brush),
then:

ros (mt-ﬁ)]/z (5)
For a typical test of a silver graphite brush sliding on a gold flat the
following parameters apply:

p = 15 kg/mm2

L = 3004

f = 0.29

v = 4 m/sec

[ = 50A
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FIGURE A-1:

A PROFILE OF A GOLD SLIP RING SURFACE AFTER A TYPICAL TEST.
THE BRUSH MATERIAL WAS SILVER GRAPHITE.

AT LEAST FIVE HIGH
PEAKS CAN BE SEEN WHERE CONTACT COULD TAKE PLACE.
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R = 5.5m
oc = 202 in 1b/ind OF
k = 37.1 in 1b/sec in® OF/in

For a single contact point from equations 5 and 3

r = 2.5 x 10'2mm

R* = 5x 103 mn

The load and the current and the contact resistance for a single contact

are:
= L2
L] =70 ° 309
= L 2
Ii * 15 ° 5A
R =

10R = 55 mQ

From the expression 1 then:
e = 15%

From the expression 2:

* _ 0
e m - 625 °C

The total temperature rise is about 640°C. The most important conclusion
from the temperature results is that the temperature rise due to electrical
losses is significantly larger than the temperature rise due to frictional
heating. Also the frictional power loss varies with the first power of
speed, while the electrical power loss varies with the square of current.
This fact explains why the performance of the slip rings did not change sig-
nificantly when the speed was doubled, but the performance did change for

the iridium slip ring when the current was changed from 50 A to 75 A. At
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75 A the temperature rise was approaching the melting temperature of the
brush, decreasing its strength and thus increasing wear.

[t should be noted that many assumptions have been made during the
temperature rise calculations, and the values would change when more infor-

mation about the size and number of contacts is available.
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Summary

The equations for the temperature rise due to ohmic heating at station-
ary electric contacts and to frictional heating at sliding electric contacts are
combined to give closed-form equations for the temperature rise of sliding
electric contacts. The relationship applicable at high sliding speeds indicates
that in many cases increasing the sliding speed can reduce the interfacial
temperature. An experimental program has been carried out to test the
applicability of the equation, using wear tests carried out on graphite-Cu

T¥&latianship betyeen wear coefficient and surface temperature. Tests using a
graphite brush sliding against a copper disk at speeds of around 10 m s™*
show that the wear increases with current density, and application of the
temperature equation confirms that the wear coefficient is determined by
the interfacial temperature, whether that temperature is produced by bulk
heating in a furnace, by interfacial heating as a result of sliding or as a result
of ohmic heating of the interface.

1. Introduction

In sliding electric contacts carrying very high currents, one of the
obvious limitations to the transmittal of even higher currents results from
interfacial heating. If the temperature at the interface becomes too great, the
materials may soften or even melt, or else excessive oxidation may occur.
Associated with effects such as these there is likely to be excessive wear.

In spite of the obvious importance of interfacial heating in the operation

of sliding electric contacts, it does not seem that equations for the inter-
facial temperature of sliding current-carrying contacts are in regular use, nor

. *Paper presented at the Advanced Current Collection Conference, Chicago, IL,
U.S.A,, September 23 - 23, 1981.
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are the way that variables such as velocity or load affect the temperature
well known. It is the purpose of this paper to derive such expressions, to
illustrate their application to a simple graphite~Cu sliding system and then to
test the correctness of the expression experimentally. ;

2. Theoretical background |

The theoretical analysis of the temperature rise at contacting surfaces is
generally based on the work of Blok [1] and Jaeger [2], and the relationships
obtained by these w orkers have been discussed and applied to the problem
of the temperature rise caused by friction by Archard [3] and Rabinowicz
[4]. The temperature rise of electric contacts, especially the static case, has
been discussed by Holm [5 - 7], and Shobert [8] has considered also the
case of sliding contacts. I

Taking first the situation where slow speed sliding occurs and heating is
caused by friction, it turns out that if there is a circular region of contact l
between the sliding surfaces (Fig. 1), the average temperature rise 8 is given !
by the relationship .

g = fLv
) . L - 4Jr(ky + k3)

- where J is the mechanical equivalent of heat (a conversion factor from
thermal to mechanical units of heat), r is the radius of the junction, f is the
friction coefficient, L is the normal load at the junction, k, is the thermal
conductivity of body 1,k, is the thermal conductivity of body 2 and v is the
velocity. .

. Boey v . A~
/ .
Body 2 —

Fig. 1. Schematic illustration of a junction or contact between two solid bodies.

(1)

Fig. 2. The system analyzed at high sliding speeds considers a small body 1 always in
contact with a large body 2. Points in body 2 only make contact periodically.

This relationship (ref. 9, egn. (4.14)) assumes that heat originates at the
interface and is then conducted into the two adjacent bodies. The reason
why the temperature rise is proportional to the velocity is because the rate

- of heat generation per unit of time is itself proportional to the velocity.
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When the sliding speed becomes large this relationship is no longer
applicable. Let us consider the simplest case when body 1 is a small specimen
while body 2 has an extended surface. In that case the small specimen will be
continually in contact and will slide always over fresh areas of the large
specimen (Fig. 2). For that case the temperature rise is given by

fLv?
3.6J(pgear3k )12

8= (2)

where f, L, v, r, J and I, have the same definitions as above and paCq is the
volume specific heat of the extended surface.
This relationship (ref. 9, egn. (4.16)) differs from the previous one in

" two ways. First, it is unsymmetrical as regards the top and bottom surfaces

because the top surface, being small and continually in contact, soon becomes
hot, while the bottom surface, being always fresh, is much cooler, so essen-
tially all the heat travels into it and thus only its thermal properties are
significant. .

Secondly, it will be noted that velocity to the power one-half comes
into egn. (2). This comes about because as we raise the speed we increase
the rate of heating, but we also increase the amount of cool bottom material
into which this heat can be dissipated. Thus, it is logical to expect that the

~temperature rise increases with v but less rapidly than to the first power.

In general eqn. (1) is applicable when a certain dimensionless parameter

B :}}'pz ¢a/k4.i5 18ss than 2, while egn. (2) is applicable when the parameter is
greater than 2 [3].

So far we have considered only the frictional heating. As regards elec-
trical heating, Holm (ref. 6, eqn. (11)) states that for a stationary junction
the temperature rise (using our terminology) is given by

iR

= — (3)
4Jr(ky + Iy)

where i is the current carried by the junction and R is the electric resistance
of the junction.

This is very similar to the low speed friction temperature rise expression
(ean. (1)) except that i?R, the electrical heat input per unit of time, has
replaced fLv, the mechanical heat input per unit of time. Holm (ref. 7,
Section 43) argues that the expression for 8 in egn. (3) should be reduced by
a factor of about 2, because the heat input is throughout the constriction
(i.e. to some extent away from the interface rather than being localized at
the interface). However, there are in practice a large number of uncertainties
involved. All sorts of corrections might be applied, and it secems best to keep
eqn. (3) as simple as possible.

If we add the mechanical and electrical temperature rise terms we have
for the overall temperature increase in the slow speed regime
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_ fLu+ i’R
4Jr(ky + ky)

(4)

It is this expressxon which (although never stated in closed form) is implicitly

assumed by Holm and by Shobert..
If we are in the high speed regime then by adding the electrical heatmg

term to ewn. (2) we obtain

:2
- fLv +i%R - 1 (vam
3.68J(rkypycav)t?  3.6J(r3kypp0,)M?

In this case the influence of velocity on the temperature is difficult to
estimate, since a higher velocity will increase the temperature caused by
friction (the first term in parentheses in eqn. (5)) while it will reduce the
electrical heating effect (the second term in parentheses in egn. (5)). Since
most tribologists find it hard to believe that raising the sliding speed can |
lower the interfacial temperature, it seemed appropriate to test eqn. (3) '
experimentally.

There are some difficulties in measuring the temperature of sliding
electric contacts over and above the problefns of measuring the interfacijal

— temperature of sliding bodies in general. In particular, the use of the interface

- as the hot_iunction of a thermocouple system, often used successfully in
friction studies {10],is of course impossible. It was decided to use the fact
that in many sliding systems the wear rate increases rapidly when the inter-
facial temperature reaches a critical point known as the transition temper-
ature, and that this can be used as a measure of the temperature.

3. Experimental testing

3.1. In high temperature friction apparatus

Tests were carried out in the friction apparatus shown in Fig. 3. Three
pieces of one material are pressed against a disk of the other material which
rotates via the motor and transmission system. The sliding surfaces are inside
a metallurgical-type fumace which can be heated up to 1000 °C. The three
pieces are loaded by a dead weight and prevented from rotation by a strain
ring outside the furnace, The apparatus has been described more completely
elsewhere [11].

For these tests, rods of electrographite of 9 mm diameter were slid
against a copper disk. The speed of sliding was kept low (0.41 m s™? ) 50 as
to keep the temperature rise due to sliding small. The normal load was 1/kgf
per rod and the duration of the tests was 0.5 h. Most of the testing was in air,
in the spring (i.e. at a reasonably high humidity level). Tests in 2 wet.CO, -~
environment gave rather similar wear results, The wear was measured for
various ambient temperatures and the plot of wear coefficient as a function

i’R .
*;—172' (S)

T T ——— -
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—J5ig 3. S.chematic llustration of high temperature {riction apparatus using the geometry
of t.hﬁ_?é nine_ol graphite sliding against a copper flat, .
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Fig. 4. Plot of the dimensionless wear coe{ficient {or graphite-Cu (the volume of wear
multiplied by the hardness and divided by the normal load and the distance of sliding) as
2 function of the surface temperature in low speed sliding tests carried out using the
apparatus shown in Fig. 3. There is a drastic increase in wear as the temperature ap-
proaches 300 °C, i

of temperature is shown in Fig. 4. The wear coefficient increases drastically
" when the temperature reaches 300 °C and in general increases monotonically
with temperature. Further details of the testing are available [12]. '
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speeds tend to give greater wear for the same current. ‘

.

3.2. High current sliding tests

These tests were carried out in the hxgh speed friction apparatus
described earlier {10], using a pin of graphite on a cylindrical disk of copper.
The graphzte pin traces out a continuous track on the curved surface of the

""disk. A high' current was passed through the interface, and the wear -

coefficient was measured after some length of sliding. Both the current and
the speed of sliding were varied. The 1oad was 0.7 kgf, the diameter of the
electrographite pins was 6 mm, the diameter of the copper disk was 150 mm
and the duration of the tests was generally 4 h. Testing was in the ambient
air, in the summer (i.e. 2t a high humidity level).

The plot of wear coefficient as a function of current for various sliding
speeds is shown in Fig. 5. In general, wear is higher when the current
becomes greater, and for any level of current the wear becomes low er as the
sliding speed increases. :

The wear data were analyzed in terms of eqn. (5), assuming that at the - |
interface there was at any time only one circular contact, whose radius was
given by the plastic deformation equation:

prri=L (6)

where p is the hardness of the softer surface, the graphite.

Figure 6 shows the plot of wear coefficient as a function of temperature
computed by the use of eqn. (5). The parameters used in the equation are
given in Table 1.

In general, the wear coefficient increases as a function of computed
interfacial temperature, slowly at moderate temperatures, but sharply at
around 3Q0 °C. The line from Fig. 4 is drawn on Fig. 6 as a broken curve and
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The scatter of wear rates is much lower than in Fig. 5, the low speed and high speed
results are well intermingled, and there is a drastic rise in wear at computed temperatures

of just under 300 *C. .
TABLE 1
“VUnits and values of the parameters used in eqn. (5)

. Parameter Unit or value in the following systems
Old engineering units Metric units

! 0.25 T 0.25

L 1.54 1bf 0.60 kgf

J 1 4.2Ws cal™?

pe 254 1bin~2 F? 8.2x10% cal m=3 °C™?
h 511bs™1 °F1 91 cal m~1 472 ¢
r 4.8% 1073in 1.2X107%m

R - 21%10"3 (W A2
v ins™1 ms”

i - A

gives a reasonable fit for the experimental data points at high temperatures,
since the experimental data points indicate a drastic increase in wear
coefficient in the vicinity of 300 °C. Thus, it seems that the temperatures
computed by the use of eqn. (5) are realistic ones. ’

4. Discussion

The reason why wear coefficients from the high temperature tests
shown-in Fig. 4 do not fit the experimental data shown in Fig. 6 at low

..L : . - - J
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temperatures is as follows. Stephenson [12] founc that at moderate temper-
atures the wear rate was high for the first hour of testing and was then
reduced by about an order of magnitude. His tests were all in the high wear |
regime, while the tests shown in Fig. 6, being at higher speeds for loiger |
periods of time, were mainly in the low wear regime. '

While Holm and Shobert have carried out analyses of the temperature
rise of sliding electric contacts which are roughly equivalent to the use of

. eqn. (5), I have been unable to find any indication that the equation itself
has been used, 'and the remarkable fact that increases in sliding speed can
reduce the interfacial temperature of current-carrying contacts seems not to
have been previously reported.

In our tests, eqn. (5) seems to give rather accurate values for the temper-
ature rise because of a number of compensating factors. The first of these,
mentioned above, is that all the electrical heat is assumed to be generated at
the interface, whereas it is in fact generated within the constriction and some
of it never reaches the interface. The second factor is that the disk is assumed
to be at all times at room temperature, whereas it may become quite warm
after extensive sliding. A third factor is that it is assumed that all the heat is
carried away from the interface by conduction through the disk, whereas
some travels through the pin and some is convected away. This is seen most
clearly by noting that in initial tests the pin_holder was made of copper, and
in this case the pins were distinctly cooler because heat could be more ea511y

. _’dxssmated through the hoider,

For our top current of 80 A, calculations indicate that at a speed of 77
m s~! the mechanical and electrical energy inputs are equal. Almost all our-
tests were done in a regime in which the electrical heating exceeded the
mechanical, so that the surface temperature-velocity function was negative.

The assumption that the contact between pin and disk was made at
only one junction proved surprisingly accurate, possibly because in many
cases a thermal patch as postulated by Burton [13] was formed. It should be
noted that our pins were of 6 mm diameter. Presumably when brushes of
large area are used there are a sizable number of contacts, perhaps about 10
as assumed by Holm. This fragmentation of the contact area would reduce
the temperature at the interface to below the value given by eqn. (5)..

5. Conclusion

This study started in an attempt to explain an anomaly, namely that in
studying the wear of current-carrying Ag-graphite contacts sliding against
copper, experiments at Massachusetts Institute of Technology (MIT) [14)
were producing more wear that was being experienced at Westinghouse (135],
even though our sliding speeds were much lower (4 m s=! at MIT as against
12 m s~ at Westinghouse). It is now clear that the experimental results are -
perfectly logical in that the surface temperature, and hence the wear, is
lowerat 13 ms~! thanat4d ms™}.
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ABSTRACT

The interfacial temperature rise of dry sliding, elec-
trical contacts was measured using the dynamic thermocouple
technique. The response of a dynamic thermocouple cannot be
recorded while an electric current flows across the sliding
interface. A dynamic thermocouple composed of the contact
materials, graphite on copper, monitored the temperature de-
cay of the sliding, electrical contacts after the heat gener-
ating equipment was turned off. The temperature decay curves
were extrapolated back to when both the frictional and elec-
trical sources were supplying heat to the contacts.

Good agreement between experimental data and theory was
achieved depending upon the number of contacts assumed per
brush. Further research should be conducted with particular
attention paid to the number of contacts formed at the inter-
face.
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at time equal to infinity

X : K4ac
P: density




c-9

I. INTRODUCTION
The interactions between the surfaces of sliding, elec-
s trical contacts are important from both a practical as well

! as an academic point of view. 1In order to understand more

about friction and wear, we must first understand the nature

of the dynamic interface. One of the important basic processes
occurring at the interface is the generation of heat and the
corresponding temperature rise.

High speed sliding results in significant frictional heat-
ing which may lead to thermoelastic instability[l]. This mode
of failure has been recognized in the sliding gas path seals
of turbine engines, the high energy disk brakes of aircraft,
and certain thrust bearing and féce seal applications. Another

Q7 example of failure due to frictionally heated contacts is en-
countered in gearing situations, where the high temperatures
are due to the frictionally heated Hertzian contacts(l].

Recent interest in pulsed homopolar generators and smaller,
more compact electric motors has directed research towards
brush systems that can withstand high current densities and
high sliding speeds. Homopolar generators that can operate
at speeds from 200 to 300 m/s with current densities of 17MA m-2

for pulse durations of 30 to 65 ms are envisioned[2]. These
advanced homopolar machines greatly depend upon the develop-
ment of brushes able to operate under these conditions. Here
temperature related phenomena, such as thermoelastic insta-
bility, will dominate the friction and current transfer pro-

cesses.

M
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Most of the research on the interfacial temperature rise
of sliding contacts has dealt with frictionally generated
heat only. Jaeger (3] derived the temperature rise as gener-
ated by a plane heat source cver the area of contact, and
particularized it to the case of frictionally generated heat.
Later investigators used a variety of methods, such as em-
bedded thermocouples, surface transformations, and dynamic
thermocouples, to attempt to measure this temperature rise.

Holm[4] studied electric contacts, especially static, in
great depth. He derived a relationship for the temperature
rise of electrical contacts and then extended this relation-
ship to the case of sliding contacts. Schobert([5] superim-
posed the results of these two calculations to arrive at the
temperature rise of sliding, electrical contacts. Rabinowicz[6]
has examined both sliding contacts and sliding, electrical
contacts from a theoretical standpoint and has merged the for-
mulations of Holm and Jaeger into a closed-form equation for
the interfacial temperature rise of sliding, electrical contacts.

There is a decided lack of expérimental data on the
temperature rise of sliding, electrical contacts. This study
was conducted to rectify this situation. The dynamic thermo-
couple technique was chosen as the simplest, most reliable,
and economically feasible method for measuring the interfacial
temperature. Briefly, the dynamic thermocouple methc a-
sists of using two dissimilar metals for the sliding bodies,
and measuring the thermoelectric voltages generated by the

rise in contact temperature. This method poses a unique prob-
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lem when the sliding contacts are also electrically heated.
Rather than attempt to filter out the thermocouple's milli-
volt output from the voltage drop of the heat generating cur-
rent, it was decided to measure the interfacial temperature
decay immediately after all power was shut off. The decay
curve was then extrapolated back to time zero, i.e. when the
average temperature of the contact surface was at its maxi-
mum.

This chapter provides a general introduction to this
paper. Chapter Two provides an historical and theoretical
background for the research that was conducted. Chapter Three
describes the experimental apparatus and procedure. Chapter
Four details the extrapolation procedure used to obtain the
maximum average surface temperatures and then lists these

results. Chapter Five discusses the experimental results.
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II. LITERATURE REVIEW
The theoretical basis for most of the work done on the

interfacial temperature rise of sliding contacts was formula-

ted by Blok(7] and Jaeger(3]. Jaeger derived the case of a
semi-infinte slider, with a sgquare contact, moving over the
surface of another semi~infinite substance (Figure 1l). Jaeger's
basic assumptions were: i) a plane heat source, over the in-
stantaneous contact area, liberated heat at a constant rate,
and ii) there was no heat loss from the non-conducting sur-
faces. The equation for the heat flow over the contact sur-
face of the sliding body was then derived by assuming a sta-
tionary heat source. Jaeéer assumed a moving heat source in
order to derive the equation for the heat flow into the sta-
tionary body.

Of the total heat generated, a fraction flows into the
sliding body and the remaining fraction of heat flows into the
stationary body. Jaeger determined the proportion of heat
flow into each body by assuming that the average temperature
over the area of contact was the same for each body.

At low speed, the heat source moving over the stationary
body moves so slowly that the temperature distibution of a
stationary heat source is established in the stationary body.
The resulting equation for the average temperature over the
area of contact is

.946 g b /(K1+K2). (1-1II)
At high speeds, the temperature distribution of a stationary
heat source is not established, and the average temperature

over the area of contact is
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Figure 1. A semi-infinite slider(2) with
square contact slides with vel-
ocity v on a semi~infinite sta-
tionary body(1l).




1.064 q BVX] / (1.125 K,¥X;+K,Ybov). (2-I1)

The low speed regime occurs when the dimensionless param-

eter

L=vb/2X (3-II)
is less than .l according to Jaeger. The high speed regime
occurs when L>5.

When .1<L<5, the equation of heat flow is solved numer-
ically. The average temperature over the area of contact is
then obtained from

+946 @ bX, Y /(1.486 b Ky v + sz.l Y) (4-1II)
where Y can be obtained graphically (Figure 2).

Later investigators have applied Jaeger's relationships
to the case of frictionally generated heat. Archard([8] ex-
tended Jaeger's work one step further and arrived at a com-
pletely graphical solution for obtaining the flash tempera-

tures for all values of the dimensionless parameter L (Figure 3).

Holm extensively studied the case of electrically heated

contacts. Following a simpler mathematical approach than
that taken by Jaeger, Holm[9~10] derived the equation for the
temperature rise of a stationary contact heated in the contact
surface

gl 1 -qmp( 1 - ) ] (5-1I)
where

z=X¢t/c b (6-11)

is a dimensionless parameter of time. For sliding contacts

Holm based the computations on the relationships for the

e | |
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Figure 3. Average surface temperature of a moving heat source

as a function of Jaeger's dimensionless parameter
'L'. From Archard (8], Figure 2.




stationary contact. But now the time which the stationary

heat source is applied is of the same duration as the average

time of sliding over the contact area.

Schobert (5] made the assumption that the temperature
rise due to electrical heating could be added to the temp-
erature rise due to frictional heating, although these temp-
erature rise calculations are carried out separately and
graphically. Schobert carried out Holm's relationships in
considerable numerical detail for several applications.

Rabinowicz[6] extended the work of both Jaeger and Holm
to arrive at a closed-form equation for the temperature rise
of sliding, electrical contacts. Like Schobert, Rabinowicz
assumed that the remperature rise due to both frictional and

Qjﬁ electrical heating could be simply added together. Following
Jaeger's derivation, this is the same as assuming that the
temperature rise due to electrical heating is generated at a
plane heat source over the surface area of contact. Assuming
a single, circular contact, Rabinowicz's relation for the
low speed regime is

| (£Wv+I°R)/ 431 (R +K,). (7-11)
For the high speed regime

(fWv + 12

3 1/2
Rabinowicz defines the low speed regime as L<2, and the high

speed regime as L>2.

- Experimental studies of the surface temperatures reached

during sliding have been performed by several researchers.




C-18

One technique 1s the use of thermocouples embedded near the

surfaces of the sliding becdies.
results for two reasons: i) the
terfere with the heat flow, and

could be considerably below the

This yields questionable
embedded thermocouples in-
ii) the temperatures measured

temperatures reached at the

surfaces. According to Jaeger, the penetration of the heat
‘perpendicular to the plane of the source is extremely shal-
low.

Another technique is to examine the transformations that
occur at the sliding surfaces and relate these transformations
to the maximum temperatures reached. Archard([8] was able to
determine the conditions under which the thermal breakdown
of thermoplastics would occur and then relate this softening
point to the theoretical maximum temperatures. Uetz and Sommer
[1l] examined the martensitic transformations in steels and
compared the temperaﬁures at which these transformations oc-
cur to experimentally and theoretically determined tempera-
ture rises. The temperature reached based upon the transfor-
mation was in good agreement with temperatures calculated
using Archard's solution. At the same time, the transforma-
tion temperature was almost twice as high as the temperatures
measured by the dynamic thermocouple technigue.

The dynamic thermocouple, or the Herbert-Gottwein method,
for measuring the temperature rises of frictionally heated
surfaces has been used by several researchers. Fureyv(1l2]
studied the temperature rise of sliding contacts using both

the dynamic thermocouple technique and embedded thermocouples.

S —M
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He concluded that the dynamic thermocouple measured the temp-

erature of the peaks or asperities in contact, and therefore

was a measure of the hottest temperature. The embedded ther-
mocouples integrated the temperature over a larger area than
just the asperities in contact and therefore recorded a lower
temperature. Even so, Furey found that the temperatures meas-
ured by the dynamic thermocouple technique were quite a bit
lower than those calculated from Jaeger's and Archard's re-
lationships. Furey offered a few reasons why this might be
so: i) "the growth of the contact area due to the application
of a tangential force, ii) if there is more than one contact
point, the measured emf is an average value, iii) in most
cases the sliding body makes multiple traverses over the
'T’ same track, and iv) heat losses could occur due to convection,
radiation, or melting of the substances. Holm and Schobert
were able to arrive at reasonable values from theoretical
calculations by assuming more than one contact. Dayson[l13]
assumed large scale adhesion and junction growth at the con-
tacting asperities. He then reinterpeted Furey's data and
achieved a much closer correlation between theory and exper-
imental data.

Literature pertaining to the experimental measurement of
the temperature rise of the contact surfaces of sliding, elec-
trical contacts is extremely scarce. Dow, Stockwell and Kannel
(14] investigated the thermomechanical effects in high-current-
density electrical slip rings. They used an infrared temp-
erature monitor to measure the temperature of a 1.3 mm spot

near the rubbing edge of the brush. No attempt was made to
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correlate this data to theory. Marshall(l5] investigated the
mechanism of current transfer in high current sliding contacts.
Embedded thermocouples placed 2 mm beneath the surface were
used to measure the temperatures reached during a high current
pulse. Aside from the previous drawbacks mentioned, Marshall
must have electrically isolated the embedded thermocouples
and therefore further interfered with the flow of heat. It is
assumed that Marshall was not attempting to measure the inter-
facial temperature rise, but rather the relative temperature

distribution across the face of the brush.

A thermocouple generates a voltage, referred to as the
Seebeck thermal emf, as a result of the temperature difference
at its two junctions. This Seebeck emf is the algebraic sum
of two other voltages: the Peltier emf and the Thompson emf.
The Peltier effect relates the direction and magnitude of the
flow of current across a junction of two dissimilar metals to
the absorption or liberation of heat. The Thompson effect
relates the direction and magnitude of the current flow to
the direction and magnitude of the heat flow within each of
the conductors(l6].

The temperature-emf relationships of thermocouples can
not be theoretically derived and therefore must be empirical-
ly determined. This relationship can be closely approximated
by a parabolic curve[l6].

Classical thermocouple theory states that the thermal

emf developed in a thermocouple is independent of the temp-
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erature gradient within the dissimilar conductors{lé6]. This is
based upon the assumption that the conductors are ideally ho-
mogeneous. In actuality, a thermocouple integrates the temp-
erature gradients between the junctions(l7]. This implies that
a change in the metallurgical state of the conductors during

use could throw the calibration off[17].
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III. EXPERIMENTAL APPARATUS AND PROCEDURE

Approximately ninety tests were conducted to measure the
interfacial temperature rise of a dry sliding, electrical con-
tact. A graphite pin slid over a copper disk. Tests were
conducted at loads of 500, 750, and 1000 grams; at speeds of
0, 1, and 10 meters per second; and at currents of 0, 10, 30,
40, 45, 50, 55, 60, 65, and 70 amperes. Figure 4 shows the
range of the experiments. The tests were carried out at room
temperature, 20°C, during the winter months, i.e. relatively
low humidity.

The experimental apparatus can be divided into two main

parts: the mechanical pin-on~disk wear tester (Fi§ure S), and
the dynamic thermocouple system (Figure 6). The pin-on-disk
wear tester has been extensively used and described before[1l8].
Basically, it is an inverted, variable-speed Rockwell drill
press. The copper disk is bolted to the rotating spindle.
The graphite pin is spring loaded against the surface of the
rotating copper disk. A simple pulley and weight system in
conjunction with a micrometer allows the spring load on the
graphite pin to be varied.

The interfacial temperature rise measurement system was
based on the principle of the Herbért-Gottwein dynamic thermo-
couple. The pin and disk materials composed the thermocouple.
In order to pass the heat generating current across the graphite-
copper interface, i.e. the same contact that comprised the hot
junction of the dynamic thermocouple, the thermocouple had to
be part of the power supplying circuit. As can be seen from

Figure 5, current from a Marin Company high-current, low-voltage
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Figure 4. Range of experiments conducted during this

study.
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Graphite pin (7) Copper rod

Copper disk (8) Copper thermocouple wires
Rotating mount (9) Flexible cable

Clamps (10) Pivoting arm

Brush holder (l11) Copper brushes

Loading mechanism

Figure 5. Diagram of experimental apparatus.
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power supply flowed through a solenoid switch to a flexible
cable. This cable was attached to the pivoting arm of the
pin holder. The pin holder was aluminum and it held the gra-
phite pin securely by means of a small steel set screw. The
current flowed across the graphite-copper interface and was
picked up by a set of three copper brushes that were spring
loaded against the base of the rotating shaft. Finally, the
current flowed through the other half of the solenoid switch
and back to the power supply. When the dynamic thermocouple
was to measure the interfacial temperature, the heat gener-
ating current circuit had to be opened.

The dynamic thermocouple circuit consisted of the graphite
pin, the copper disk, a copper rod, and two copper wires. As
can be seen from Figure 6, the graphite pin to copper disk
junction composed the hot junction of the thermocouple. At
the other end of the graphite pin was attached a copper wire,
and this formed the cold junction of the thermocouple. A copper
rod approximately 1/8 inch in diameter was placed at the cen-
ter of the rotating copper disk. This picked up the thermo-
couple's signal and transmitted it back to the recorder. The
recorder was a Fisher Pecordall.

The copper~graphite thermocouple used in these tests was
unique, and therefore had to be calibrated prior to testing.
The thermo-electric characteristics were determined by heat-
ing the hot junction in a bath of mineral o0il while the cold
junction was maintained at room temperature. Using Gauss's
Least Squares method, a quadratic was fit to these data (Figure 7).

It was found that the temperature of the cold junction of the
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Figure 7. Temperature-emf characteristic curve of the copper-
graphite dynamic thermocouple.
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dynamic thermocouple rose significantly above the reference
temperature of 20°C during some of the tests. An electrically
isolated chromel-alumel thermocouple was taped to the cold
junction in an effort to monitor the bulk temperature rise of
this junction. The millivolt output of the copper-graphite
dynamic thermocouple and of the chromel-alumel thermocouple
were recorded simultaneously on the chart recorder while tests
were run.

The tests can be divided into three different groups:

i) those run with the copper disk spinning, but no current
flowing, 2) those with current flowing and the disk station=-
ary, and 3) those with both the disk spinning and current
flowing. All the tests were conducted at steady state as
determined by the temperature of the cold junction of the
copper-graphite thermocouple.

During tests when there was no current flowing across the
copper-graphite interface, the thermo-electric voltage from
the dynamic thermocouple was monitored continuously. The
Rockwell drill press was switched off, and the temperature
decay curve was measured as the rotating copper disk slowed
and then stopped. Obviously, these tests required no extrapo-
lation.

Approximately 30 tests were conducted with current flow-
ing and a stationary copper disk. During the period when the
system was approaching steady state, the power supply with its
floating ground was a part of the thermocouple's circuit. No
data was collected while the power supply was part of the

temperature measurement circuit. When steady state was reached
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a solenoid switch was activated, completely cutting the power
supply out of the circuit. The thermocouples signals were
then recorded on the chart recorder as the interfacial temp-
erature decayed. Due to a delay in the chart recorder, there
was immediately introduced a lag time of approximately six-
tenths of a second before the pen responded to the dynamic
thermocouple's signal.

The majority of the tests were conducted with both the
copper disk spinning and current flowing across the interface.
These were conducted in much the same way as the tests con-
ducted with the stationary copper disk. But now, when the
solenoid was activated to cut off the power supply, the drill
press was simultaneously switched off. The temperature de-
cay curve, as indicated by the thermocouples' signals, was
recorded as the rotating disk slowed and stopped.

The chart of the millivolt recorder was run at two dif-
ferent speeds during the course of collecting the experimental
data; approximately half the tests were recorded at 25 cm/min,
and the rest at 2.5 cm/min. Two different chart sensitivities
were used depending upon the test: .00l or .01 volts full

scale.
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Figure 8. Example of thermocouples output at a sliding speed
of 10 m/s, current of S50 amps, and locad ¢’ .75 kg.
Curve I: copper-graphite thermocouple recorded at
.1l mv/division
Curve II: chromel-alumel thermocouple recorded at
1.0 mv/division
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IV. RESULTS

The output of the copper-graphite thermocouple and the
chromel-alumel thermocouple were recorded simultaneously on
the Fisher Recordall chart recorder. A sample of what this
raw data looked like is shown in Figure 8. Millivolt readings
from the copper-graphite thermocouple's curve and from the
chromel-alumel thermocouple's curve were taken at specific
time intervals. When the chart speed was 2.5 cm/s, the read-
ings were taken at 1 second intervals for the first 4 seconds,
and then at 4 second intervals for the remaining time. When
the chart ran at 25 cm/s, the readings were taken at .4 sec-
ond intervals for the first 4 seconds, and then again at 4
second intervals for the remaining time. The time from when
the power was cut off to when the pen of the chart recorder
responded to the thermocouple's signal was determined Ifrom
each chart, and added to the time readings. Each temperature
decay curve was monitored for approximately 40 seconds.

The characteristic temperature-emf curves of both the
copper-graphite thermocouple and the chromel-alumel thermo-
couple were used to calculate the hot and cold junction tem-
peratures from the millivolt readings. This was done on a
VAX 11/780 computer. Curves of the decaying interfacial tem-
perature were plctted using the VAX computer for each test
(Figure 9). These tomperature decay curves were plotted to
check the consistency and reasonableness of the data. For
the tests which were frictionally heated, the points at which

the ccpper disk stopred spinning can be noted by the slight
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Example of a temperature decay curve as plotted
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jog in the temperature decay curve. At a spinning speed of

10 m/s the jog occurs about 3 seconds after the drill press
was turned off. At a speed of 1 m/s the jog occurs at ap-
proximately 1-1/2 to 2 seconds. These jogs are due to the
fact that when the disk stops spinning the contact is not

cooled as quickly as when the spinning disk takes the heat

away.

These temperature decay curves are interesting, but what
we are looking for is the maximum average surface temperature
of the contact. This maximum average surface temperature oc-
curs when power is still being supplied to the contact, i.e.
at time equal to zero on the temperature decay curves. A va-
riety of extrapolation techniques were considered in order to
determine this temperature at time zero. These included: i)
fitting all of the data points to a single exponential, ii)
assuming the decay curve is an infinte sum of exponentials,
and fitting a single exponential to the first few points, and
iii) again, assuming an infinite sum of exponentials, and using
a modified exponential fitting technique in order to weight
the £fit towards the first two data points.

The first extrapolation procedure considered was to fit
all of the data points from each test to a single exponential
decay curve,

o -e,=ke? | (1-1V)

This procedure fit most of the points very well, but differed

greatly from the data points that were closest to time zero

‘—~t—-----Q-n-------------------J
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(Figure 10). The extrapoclated temperature calculated from

the single exponential was usually less than the temperature

measured one or more seconds after the power had been shgt
off. Since this was the area of greatest concern, this pro-
cedure was deemed inadequate. This curve fitting procedure
emphasized that the temperature decay curve of the contact
was governed by more than one time constant.

From a theoretical standpoint the temperature decay curve
will most likely be an infinite sum of éxponentials,

e =9, + ngl (k, e 2n%) (2-IV)

Fitting the data to an infinte sum of exponentials is not.
possible. Fitting the data to a sum of only two exponentials
would be a difficult and time consuming iterative process,
and not necessarily accurate. Upon examining a curve composed
of the sum of exponentials, it is found that different areas
of the curve are governed more strongly by different exponen-
tials. At large values of time, the exponentials with small
time constants will have approached zero more rapidly than
those with large time constants. Therefore at large values
of time, the exponentials with large time constants will dom-
inate the behavior of the curve. Conversely, the same line
of reasoning holds for very small values of time. Those ex-
ponentials with the smallest time constants will dominate the
shape of the curve close to zero. Based upon this information
and the characteristics of the temperature decay curves, it
was assumed that for the time span of interest only a single

empirically determined exponential would be of importance.

_ |




C-36

60 <+ Experimental data: e
Exponential curve: X
55 =+
4 °
o
5 50 4%
®
Y * x
& ¢ X ¥
5 x ¥ . ° Y
- 3 45
(g T
40 ¢
0 10 20 30 40

Time (sec)

Figure 10. Example of fitting all of the data points
to a single exponential.
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The problem that now remains is to find the values that de-

fine that exponential.

Working with only the first three data points from each
test, a single exponential curve was fit and then extrapolated
back to time zero. When fitting this exponential to the data
it was assumed that there were three unknowns: a, k, and eo.
The procedure followad is explained in detail by Rabinowicz([19].
This extrapolation technique yielded generally good results,
but for certain tests the extrapolated values were obviously
much too large. ¥Examining these tests found that inconsisten-
cies in the data such as two points almost at the same temper-
ature, led to the erroneous results. These inconsistencies
were due to experimental error. -It was decided that it was

iji not accurate to fit the first three data points to an expo-
nential curve with disregard for experimental error.

The following curve fitting technique was arrived at af-
ter consultation with Rabinowicz. When an exponential is
plotted on semi-log paper the result is a straight line. Fit-
ting data points to the straight line that defines the expo-
nential is usually accomplished by means of the least squares
or extended differences methods. This curve fitting technique
fit the first three data points to a straight line that was
weighted towards the values of the first two data points. In
detail, the procedure is as follows. First, the temperature
at time equal to infinity, eo, was determined by the same

- technique as described by Rabinowicz[19]. The first three

data points were then plotted using,
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ln(e - 80) = 1ln(k) - at (3-1IV)
See Figure ll(a). Between the second and third plotted points
a straight line was determined (Figure 11(b)). One=-third of

the distance away from the second plotted point was marked
off (Figure 11l(c)). This marked off point and the first plot-
ted point defined the straight line that was used to find the’
constants, a and k (Figure 11(d)). 1If the three data points
had fit an exponential curve perfectly, all three would have
been on a single line in these plots. The closer the data is
to an exponential, the closer the results from this technigue
will be to the previous curve fitting technigque. When the
data, because of experimental error and inconsistencies, var-
ies from the exponential, this modified exponential curve
fitting technique smooths out some of the inaccuracy. The
extrapolate temperatures calculated using this method were
very similar to the previous method's extrapolated temperatures,

except that there were now no unreasonable values.

Table I lists the average surface temperatures found at
time zero using the modified exponential extrapolation precce-
dure. Figure 12 is a graph of these temperatures as a function

of current squared.




t (sec) t (sec)

(c) (d)

Figure 11. Modified exponential curve fitting technique.




Table I. Average temperature of the contact surface as
determined from the experimental data, (°C).

0. m/s 1. m/s 10. m/s
.75 1.0 .50 | .75 ]1.0
58. 101.
57. | 63. 100.183. | 85.
76. | 64. 99. j106.f 125.
75. 1 71. 110.}130.] 116.
73. 1 72. 92. | 94. | 99.
154.
‘ 45 11117.1129.]87. 74. | 81. ] 74. - 1101.] 96.
‘ W
99. 98.
50 j157.}147.})108. 82. - 90. 105.]101.] 134.
] 87.
55 §134.}1137.]126. - 89. {103. 105.1100.] 98.
130.
60 §187.1136.1138. - 95. | 93. 123.{102. 137.
65 - 314.|181. 123.|102. | 98. 173.1 1224 -
70 l- - 153. 126. |131. J114. - - -
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b V. DISCUSSION

r There are a few points that can be mentioned about the
h maximum average surface temperatures that were extrapolated
from the experimental data. First, it can be seen that in

general the temperatures are linearly proportional to the

current squared. This is especially noticable of the tests
run at 1 m/s(Figure 12(b)). Second, the effect of running

the electrical contact at different loads is much more pro-
nounced in the tests run with the copper disk stationary
(Figure 12(a)) than in the tests run at 1 m/s and at 10 m/s.
Third, the temperature range of the 0 m/s tests(Figure 1l2(a))
is greater than the ranges of the 1 m/s and 10 m/s tests. At
a sliding speed of 0 m/s the temperatures range from less than
50°C to more than 175°C. At 1 m/s the temperatures range from
about 50°C to 125°C, and at 10 m/s the temperatures mainly
fall between 80°C to 140°C.

The fact that the surface temperatures are linearly pro-
portional to the current squared is encouraging; the data con-
firms that the Joule effect is the major component contributing
tq_the heating of the contact. The second and third observa-
tions confirm that spinning the copper disk has a large influ-
ence on the interfacial temperature, and that this influence
is a moderating one. Finally, it is important to note as a
general trend that the interfacial temperature of the tests
running at 1 m/s are less than the temperatures of the tests

running at 0 m/s and at 10 m/s under the same loads and cur-

rents.,
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Table II lists the values of Jaeger's dimensionless par-
1 ameter 'L', defined in eguation(3-II), for the various sliding

situations tested during this study. Note that for the tests

run at 1 m/s 'L' is less than 1.0 and therefore these tests

were in the low speed regime. For the tests run at 10 m/s

'L' is close to 5.0, and therefore these tests were considered

to be in the high speed regime. Jaeger's parameter was cal-

culated by assuming a single circular contact and plastic

deformation to determine 'b', the radius of the contact.
Theoretical calculations were carried out on the VAX 11/780

using Rabinowicz's equation,
2

(£EWv+I°R)/ 4T (R +K,) " (7-II)

for the low speed regime and
1 2 3 1/2 _
AT (£EWv+I°R)/3.6J7 (£ Kyp, ¢, (8-II)

for the high speed regime. Table III lists the values of the
parameters used in these calculations. The area of contact
was determined on the basis of purely plastic deformation at
the contact. Using these equations, four sets of calculations
were run: i) first} a single circular contact was assumed,
ii) three circular contacts were a;sumed, iii) five circular
contacts were assumed, and then iv) ten contacts were assumed.
See Appendix B for graphs of the theoretical calculations.
Upon examining the graphs of the theoretically deter-
mined temperatures in Appendix B, it is obvious that certain
trends are followed as the number of contacts is increased.
The first important observation is that the theoretical average

surface temperature is a strong function of the number of con-
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Table II. Jaeger's dimensionless parameter 'L’
assuming 1 circular contact.

\ 0m/s! 1l m/s |]10 m/s

W

.50 0 .42 4.2

.75 0 .39 5.9

l.Oﬂ 0 .68 6.8

Table III. Values of the parameters used to cal-
culate average surface temperatures.

Thermal coefficient of graphite Kl=42. cal/m=-s-°C
Thermal coefficient of copper K2=91. cal/m=-s-°C
Friction coefficient f=.2

Specific resistivity of copper P2c2=8.2*10s cal/m3-°C
Hardness of graphite pl=l.47*108 kg/m2
Constriction resistance R=,015 watt/amp2
Mechanical equivalent of heat J=4.2 watt-s/cal
Sliding speed v - m/s

Load W - kg

Current I - amps
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tacts per brush. Second, as was expected, these theoretical

O A B e
. ' 1

temperatures are linearly proportional to the current squared.

Third, as the number of contacts per brush increases, the pos-
itive slope of temperature vs current sgquared decreases and
the temperature at zero current increases. In other words, the
theoretical line connecting the temperatures rotates in a clock-
wise direction, causing magnitudes at low current to increase
and magnitudes at high current to decrease. Fourth, because
this theoretical line is rotating in a clockwise direction as
the number of contacts increases, the temperature range also
decreases as the contacts per brush increase. Fifth, when a
single contact is assumed the theoretically determined temper-
atures show a definite dependence upon the load. This is
evident by the spacing between the data points at the same

W’ sliding speed and current. When the number of contacts increases
the spacing between temperatures at the same sliding speed and
current decreases, i.e. the influence of different loads upon
the temperature decreases.

From the graphs of the theoretically calculated average
surface temperatures in Appendix B it can be seen that no one
set of graphs, or no one number of contacts, accurately ref-
lects the experimental data. The theoretically determined
temperatures when one contact is assumed are obviously much
too high, sometimes by as much as 800%. The temperatures when
one contact is assumed should be recognized as the worst case
temperatures and not necessarily the operating temperatures

found in everyday situations. Upon closer examination of the
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theoretical temperatures it is found that the best match for
the 0 m/s experimental results(Figure 1l2(a)) is the theoreti-
cally determined results at 0 m/s when 3 contacts are assumed
(Figure 13). For the experimental tests run at 1 m/s, the
best match of the theoretical calculations is the graph at

1l m/s when 5 contacts are assumed (Figure 14). And for the
experimental tests run at 10 m/s the best match is with the
theoretically determined temperatures at a sliding speed of
10 m/s when 10 contacts are assumed(Figure 15). The best
matches were determined on the basis of the actual magnitudes
of the temperatures, the range of the temperatures, and the
relative importance placed on the different loads. Based on
these observationé, one has to question if the number of con-

tacts is related to the speed at which the brush slides.

There are several steps that could have incurred appre-
ciable error in the data gathering and reduction. First, the
equipment that was used to gather the data was fairly well
worn. “For instance, the drill press could ha&e introduced
errors into the data by not running smoothly and steadily.
Second, the graphite pins were all from the same lot, so in
terms of composition, they should have been the same. But it
is possible that the number of contacts could have changed as
the graphite pin wore down during testing, or that when the
graphite pin broke and had to be replaced, the new pin had a
different number of contacts. The high current tests when the

sliding speed was 0 m/s and the tests run at 10 m/s seem to
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have more scatter than the other data. One reason is that at
the higher currents and speed the portion of the graphite pin
that carried the large heat generating current could have un-
dergone metallurgical changes. These changes would alter the
thermocouple characteristics of the copper-graphite thermo-
couple and therefore introduce errors in the millivolt output
of the thermocouple. Another possible source of error is due
to the delay of the recorder's pen to respond to the thermo-
couple's signal; this delay was typically .6 seconds, but
could have varied by %Z.1 seconds. This problem could have
been overcome by measuring the data with a highly sensitive
oscilloscope. Finally, the data gathered from the thermoco&p-
les had to be extrapolated back to time zero to find the op-
erating average surface temperatures, and errors were intro-
duced at this point. Although no estimate of the magnitude of
the errors was formulated, there was one important point that
instilled confidence in the experimentally determined tempera-
tures. The tests that were conducted with zero current were
monitored continuously during testing and therefore d&id not
encounter the delay inherent of the recorder or experience
errors due to extrapolation. These tests fit in very well
with the data from the extrapolated tests as can be seen from

Figures 12(b) and 12(c).
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VI. CONCLUSION

In conclusion, the dynamic thermocouple has proven to be
a valuable technigque for measuring the interfacial temperature
rise of sliding, electrical contacts. Good agreement between
experimental data and theory was achieved depending upon the
number of contacts assumed per brush. At this time there is
no existing theoretical basis for predicting the number of
contacts. Therefore, the theoretical formulations for pre-
dicting the interfacial temperature of sliding, electrical
contacts are not sufficiently accurate enough for practical

applications.

It is recommended that similar studies be conducted to
extend the experimental range. Future research efforts should
also be directed towards determining the number of contacts

per brush under different operating conditions.
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T T

APPENDIX A: Problems with the Experimental Apparatus

L &8

Several problems involving the dynamic thermocouple were

v

encountered prior to running the tests. The normal applica-
tion for a dynamic thermocouple is +to sliding contacts. When

s the sliding contact is also an élec.cical contact, the dynam-

ic thermocouple technique cannot be used to measure the in-
terfacial temperature when the current is flowing. Therefore
injthis study the sliding, electrical contact was monitored
until the maximum temperafure was reached, and then all power
was cut off. The dynamic thermocouple technigque was then used
to measure the temperature decay curve of the contact. This
method intoduced several problems such as grounding problems,
switching difficulties, calibration and recording considera-
tions.

The total emf generated by the dynamic thermocouple was
recorded on a Fisher Recoraall millivolt chart recorder. This
recorder had a floating ground. The thermocouple circuit was
then isolated from any other possible grounding. The power

supply was completely cut out of the circuit by the solenoid
switch. The Rockwell drill press that comprised the drive

for the pin-on-disk wear tester was isolated from the circuit
by placing a cylindrical piece of hard plastic between the
shaft of the disk mount and the spindle jaws of the drill press.

When testing of the thermocouple circuit began, the re-
sponse was not as expected. With only friction generating
heat, the thermocouple measured the temperature rise from
when the spindle first starteé rotating to when steady state

was reached. When the spindle was stopped, the temperature

N —
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decayed down to ambient. This was as expected. The response
of the thermocouple when current was generating the heat was
surprising. When the heat generating current was flowing,
the recorder measured the voltage drop across the interface
due to this current and did not measure the emf generated by
the dynamic thermocouple. This voltage drop was on the order
of volts, while the recorder was set to measure millivolts.
Therefore the signal from across the graphite~copper inter-
face was off the scale of the recorder. When the power supply
was cut out of the circuit the thermocouple's signal reflected
the temperature decay at the graphite-copper interface. Un-
expectedly, this signal increased rather than decreased as
did the frictionally heated contact. By heating the graphite-
copper contact point with a blowtorch it was ascertained that
the response of the thermocouple during the frictionally heated
tests was correct.

Several reasons for the thermocouple's response when the
contact was electrically heated were put forth: i) the thermo-
couple was actually measuring the voltage decay of the cir-
cuit due to the large current that had been flowing, ii) the
inductance from the solenoid switch was interfering with the
circuit, iii) the cold junction might not remain at the ref-
erence temperature of 20°C and in addition, it might cool
down faster than the hot junction, thereby causing the temp-
erature difference between the hot and cold junctions to ac-
tually increase when the current was turned off, and .v) sol-

dering the copper wire to the graphite was ineffective and
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possibly adversely affecting the circuit.

Was the thermocouple circuit measuring the voltage decay
( of the power supply? When the leads of the power supply were

reversed the response of the thermocouple remained unchanged.

Furthermore, the voltage decay of the power supply was meas-

ured on a Tektronix oscilloscope and a typical time constant
of the order of milliseconds was found. The chart recorder
has a typical delay time of .6 seconds before the pen responds
to the thermocouple's signal, and therefore was not recording
the decay of the power supply. .

The possibility of inductance from the solenoid
switch interfering with the thermocouple's signal was then
checked. The switch was operated manually, rather than elec-
trically, and no change in the response was noted.

It was found that the cold junction of the graphite-copper
dynamic thermocouple rose significantly above 20°C. A small
glass bead was used to electrically isolate one end of a stan-
dard chromel-alumel thermocouple. This thermocouple was
taped to the cold junction of the dynamic thermocouple, and
its signal was fed into the second pen of the Fisher Recordall
chart recorder. During some of the high current tests this
cold junction temperature was as high as 80°C. Generally,
the cold junction temperature did not decay faster than the
hot junction temperature, and so this was not the solution to
reversed temperature decay curve of the electrically heated
tests.

Originally, the cold junction connection of the dynamic
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thermocouple was formed by soldering the copper wire around
the graphite pin.. It was decided that the electrical and
thermal connection at this junction was inadequate. A uni-
form temperature might not have been maintained at the cold
junction and therefore thermocouple effects between the solder
and the copper or graphite could have caused the problem. The
soldered junction was replaced by a strong copper clip secur-
ing the wire to the graphite. At this point, the tempera-
ture decay curve of the electrically heated contact righted
itself. Now the thermocouple's signal decayed towards the

ambient temperature, as in the frictionaliy heated tests.

As mentioned in the body of this report, the graphite-
copper thermocouple was unique, and therefore had to be cal-
ibrated prior to testing. From Figure 6 it can be seen that
a copper rod and copper wires were also a part of the thermo-
couple circuit. Because of the different coppers of the disk,
rod, and wires it was necessary to determine if the junctions
between the copper components would affect the thermoelectric
signal. Simple tests were conducted to determine the thermal
emf of the copper rod to copper disk junction, since this
junction could heat up appreciably. At 200°C the disk to rod
interface produced an emf of .1l mv, or less than 3% of the
graphite~copper thermocouple at the same temperature. The
junction of the copper rod and copper wire was also tested
and found to have a very small output. Since this junction
was considerally removed from the source of heat, it was not

expected to heat up above room temperature and therefore
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would have no effect. Thermocouple effects from junctions

not within the thermocouple circuit also had to be considered.
For example, the junction of the aluminum of the pin holder
and the graphite pin or of the steel set screw contacting the
graphite could interfere if they were part of a closed cir-
cuit. The experimental set-up was carefully examined to in-
sure that the only closed circuit would be the dynamic thermo-
couple circuit when the temperature of the contact was meas-
ured.

Other problems that occurred during the course of the
testing were oxide formation on the copper disk and breaking
of the graphite pin at high loads, speeds, and currents. Be-
low 55 amps oxide formation was not a major problem judging
from the coloration of the disk. Aabove 55 amps the forma-
tion of oxide seemed to rapidly increase, causing the disk
to turn dark orange, reddish~purple, and in some spots silver.
When this stage of oxidation was reached the disk was removed
and ground on 400 grade grinding paper to remove the oxide
build-up. Gathering data at the higher loads, speeds, and
currents was made much more difficult because the graphite
pin broke quite often. An attempt was made to lessen this
breakage by wrapping a portion of the graphite pin with car-
bon fibers; this did not help and was abandoned. The strong
copper clip at the top of the graphite pin, i.e. at the cold
junction of the dynamic thermocouple, seemed to reduce the

amplitude of the vibrations at that end. This was probably

due to the fact that the clip contained a spring which acted
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as a damper. Later the length of the graphite pin was reduced
from approximately 6 inches to 4 inches. A longer pin was
preferred at it would help maintain a cooler temperature at
the cold junction. But due to the amount of graphite break-

age during the course of the testing, shorter pins were deemed

acceptable.




"

Appendix B: Graphs of the Theoretically Determined Average
Surface Temperatures

This appendix contains graphs of the theoretical calcula-
tions of the average interfacial temperatures versus current
squared. Calculations were carried out assuming one, three,

five, and ten circular contacts.
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APPENDIX C: Calculation of Time Constants

An attempt was made to determine the time constants of
the temperature decay curves generated during this study.
This was to compare the effects of the spinning disk to the
stationary disk on the temperature decay curves' character-
istics.

The time constant of interest for this comparison was
not the overall time constant of the system; rather, it was
the timg constant for the decay of the interfacial contact
temperature from its maximum to the disk temperature. For
the purpose of calculating a single time constant to represent
the temperature decay, the dynamics wefe assumed to be first
order.

The tests were not originally intended to determine time
constants. Therefore, the disk's bulk temperature was not
measured. Yet, in order to properly calculate these time
constants, the disk temperature would have needed to be measur-
ed. In order to attempt a time constant calculation, the fol-
lowing procedure was followed.

It was assumed that the disk temperature decayed much
more slowly than the contact temperature while the contact
temperature was higher than the disk temperature. For the
purpose of this calculation the disk temperature was assumed
to be at steady state. The computer gen. 1 temperature
decay curves were used to find when the con.: ... temperature
became equal to the disk temperature. The first order time

constant of this calculation is defined as the time at which




the temperature has decayed two thirds of the way from its

maximum to the disk temperature.

Table IV shows the resulting calculations of the time
constants for the tests run at 0 m/s, 1 m/s, and 10 m/s with
a load of 0.75 kg. These time constants seem to be inconsis-
tant because of their wide range and random nature. This is
probably due to the inability to estimate when the contact
temperature became equal to_the disk temperature from the
computer generated plots. Furthermore, the pseudo-steady
state assumption for disk temperature may not have been correct.
From the data collected it was not possible to calculate time

constants accurately enough to make the attempted comparison.
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.
s Table IV. Time constant calculations (sec).
0. m/:[l. m/s|l0.m/s
I .75 kgl .75 kg}.75 kg
0 - 1.10 | 1.85
( 10 .96 .88 1.07
‘ 30 .84 1.68 1.60
E 40 .79 3.57 1.81
45 5.94 1.83 1.49
N (o 50 | 2.73 - 1.28
55 3.59 3.78 1.25
60 | 1.74 u 6.11 | 1.09
; 65 6.74 4.94 1.24
7 70 - 2160 |
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